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SUMMARY 
The high adhesive friction between an elastomer and its counterpart generally 
impedes sliding in the accepted sense. Instead, displacement is accommodated by 
Schallamach waves of detachment, which are surface wrinkles that move across the contact 
zone. However, this has received little research attention in belt drive systems; sliding-
based friction models are invariably employed for belt drive mechanics studies. In light of 
this discrepancy, the rolling contact mechanics in a simple flat belt drive will be explored 
by considering Schallamach waves of detachment, with particular focus as follows.  1) A 
thorough understanding of the mechanism of detachment events and friction generated at 
the belt-pulley interface will be developed. 2) The characteristics of detachment wave-
induced oscillations, including the belt and pulley’s oscillations, will be studied, focusing 
on their dependence on driving speed, loading conditions and the system’s inertia. Also, it 
is of interest to examine these waves and the global system oscillations in a fully-coupled 
manner such that 3) downstream effects of detachment events couple to the dynamic 
response of the belt drive system, and 4) the system’s dynamics couple to the generation 
of detachment waves. Further, the research intends 5) to propose a rolling friction model 
for elastomers, capable of computing mechanical energy losses associated with the contact 
instabilities. 6) A novel surface design will be examined to check the ability to influence, 
control and tailor the presence of detachment wave-induced oscillations in belt drives. 7) 
Belts incorporating tensile cords, which are more comparable to belts used in industry, will 
be examined to find whether detachment waves are universal in belt drive systems.  
 
      
 1 
CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Belt drives find applications in manufacturing processes and power transmission at 
nearly every scale. Belts (including poly-V, V and flat) are used for mechanical power 
transmission in manufacturing machines and equipment, typically to connect an electric 
motor to various driven shafts in machines such as printing presses, pumps, diesel engines 
for power generation, compressors, mixers, etc. Belt drives are also used as accessory 
drives for cars and trucks; data tape reels and consumer devices powered by electric motors; 
household appliances (such as washing machines and dryers) and garden equipment; and 
as synchronous belts in precision positioning systems. They are also used in 
material/people transport applications such as conveyor belts and elevators. Belt length can 
vary from a few centimeters in electronic equipment, to 31 kilometers for the longest 
mining conveyor belt. Although properly installed and maintained belt-drives are efficient 
and can preserve up to 95% of the input energy [1], their efficiency and performance are 
affected by complex system dynamics arising primarily from excitation at the belt-pulley 
interface, fluctuations in the pulleys’ angular velocities and span tensions, and belt 
misalignment.  These in turn lead to energy loss, undesired vibration and noise, wear, and 
speed loss between the driver and driven pulleys. For these reasons, it is critical to 
understand belt-drive mechanics/dynamics for robust system design and energy efficiency. 
The relative displacement between an elastomer and its counterpart is often 
accommodated by Schallamach waves of detachment [2], instead of stable sliding. These 
waves should also affect the belt drive system, which has long been known to involve 
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relative displacement over part of the belt-pulley interface [3]. However, though the 
investigation of belt drives has been extensive, contact instabilities in belt drive systems 
have received little research attention. As a consequence, traditional stable sliding-based 
models of friction are invariably employed in the analysis of the belt drives. A detachment 
wave-informed study on belt drive systems needs to be conducted to uncover the 
corresponding contact mechanics and the system’s dynamic response. A simple belt drive 
with two pulleys (Fig. 1-1) will be the prototypical system explored throughout this 
research. 
 
Figure 1-1. Prototypical two-pulley belt drive. 
1.2 Belt Drive Mechanics 
The efficiency of belt drives vary with the operating torque of the drive and the 
resulting amount of belt slip incurred in the belt-pulley contact region. It is critical to 
understand belt drive mechanics/dynamics and friction behavior in order to achieve a 
design which optimizes this efficiency while providing the requisite power transmission 
with minimal noise and vibration. It is also critical to impart robustness in the design of 
belt drives in order to prevent loss of efficiency over time, and worse scenarios. For most 
belts, the belt cross-section mainly consists of stiff steel, polyester, aramid or Kevlar cords 
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along the length of the belt and a rubber (elastomer) matrix (or carcass) in which the cords 
are embedded (Fig. 1-2). The rubber matrix provides the frictional interface between the 
belt and the pulleys through which tangential forces are transmitted. In order to increase 
the power transmission capacity of V-belts, multiple belts are installed on the same pulley 
to share load. The evolution of this concept led to the development of poly-V ribbed belts 
(Fig. 1-2c) which integrate the features of both flat belts and V-belts. 
 
Figure 1-2. Typical cross-section of (a) flat, (b) V and (c) poly-V ribbed belts. 
The literature regarding belt-drive mechanics is extensive; two of the earliest belt-
pulley mechanics studies were Leonard Euler’s analysis of a belt wrapped around a fixed 
pulley [4] and Grashof’s study of the frictional mechanics of belt-drives under steady 
operation [5]. These studies together developed the classical belt creep theory in which a 
Coulomb friction law governs the belt pulley contact, and the belt is treated as a flexible 
one-dimensional string adhering to a pulley in an initial adhesion arc and creeping 
longitudinally against the pulley in a subsequent slip arc (Fig. 1-3). 
In classical creep theory, the belt tension remains constant in the adhesion arc (and 





(a) (b) (c) 
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of the belt against the pulley. Due to fully developed friction forces in this slip zone, the 
tension change is an exponential function of the arc length s such that the tension change 
from tight 𝐹𝑇 to slack 𝐹𝑆 is given by the ‘capstan’ formula 𝐹𝑆 = 𝐹𝑇𝑒
−𝜇𝜑𝑠
 where 𝜇 denotes 
the friction coefficient and 𝜑𝑠 denotes the extent of the slip arc. Review papers on the belt 
drive mechanics and belt creep theory are given by Fawcett [6] and Johnson [7]. Belt creep 
theory was updated with inertial effects by Bechtel et al. [8]. Townsend and Salisbury [9] 
derived the power loss expression and the efficiency limit of a belt drive based on the belt 
creep theory. Leamy and Wasfy [10] used a creep rate dependent friction law to predict the 
friction force and belt tension distribution over the pulleys. This creep-rate-dependent 
friction law also considered the effect of the sliding velocities on friction for cases with 
small sliding velocities [11, 12] in addition to the assumption on the dependence of the 
kinematic friction on the applied normal force (Coulomb’s friction law). It was shown that 
this creep-rate-dependent friction law is implemented easier into numerical analysis 
because friction in this law is a continuous function of sliding velocity, unlike the 
Coulomb’s law, where friction has a discontinuity at zero sliding velocity. 
Firbank [13] proposed a belt shear theory which considered the mechanics of the 
belt drives based on both Coulomb friction and shear deformation of the carcass. Shear 
occurs when the tension-carrying cords rest on a thick belt carcass, which contacts the 
pulley. Tangential force at the belt/pulley interface and tension in the cords leads to a shear 
straining of the carcass (Fig. 1-4). Presently, shear theory considers the belt to enter the 
pulley with zero shear strain, at which point the belt carcass begins to shear as it moves 
through the adhesion zone until reaching a maximum sustainable shear corresponding to 
static belt-pulley friction. The belt then enters the slip arc where it experiences sliding 
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friction. Gerbert [14, 15] extended the theory to include seating/unseating and radial 
compliance effects. Alciatore and Traver [16] studied the effect of belt bending stiffness 
and compared shear and creep theories. Kong and Parker [17-21] incorporated belt inertia 
effects in the belt shear theory, and compared shear and creep theory friction, and normal 
and belt tension distributions over the pulleys. A major issue with the belt-shear theory 
[13-16, 19] is that it assumes zero shear strain when the belt first encounters the pulleys, 
and predicts non-zero shear when the belt leaves the pulley. Thus in a system of at least 
two pulleys, the theory predicts belt spans with non-zero shear strain at one end and zero 
shear strain at the other—an apparent paradox recently pointed out by Leamy [22] and 
investigated preliminarily by Wasfy [23]. 
 
Figure 1-3. Creep of a flexible belt transmitting a torque M between pulleys rotating 




















































Figure 1-4. Identification of adhesion arc φa, slip arc φs, and belt shear 𝛾 on a rotating 
driver pulley of radius R. Also identified are the transmitted moment M, the pulley 
angle from the inlet φ, the pulley and belt angular velocities 𝜔p, 𝜔b, and tight and 
slack side tensions FT and FS. 
Recently, analytical and numerical models (e.g., based on finite element modeling) 
have extended analyses to unsteady operation due to harmonic excitation, with some also 
considering bending stiffness and one-way clutches. Leamy et al. [22, 24-26] attempted to 
bridge the gap between belt pulley mechanics and system dynamics research by studying 
simplified dynamic models for small and large rotational speeds. These studies considered 
individual pulleys only, and did not calculate the global response of the entire belt drive. 
Furthermore, the case of medium rotational speeds was not addressed. In Leamy and Wasfy 
[10, 23, 27-30], an explicit time integration finite element code was used to model belt 
drives. The belt was modeled using a truss element. A penalty formulation was used to 
model the normal contact constraint between the belt and the pulleys. Friction was modeled 
using a creep rate dependent friction law, due to its physical relevance [11, 12, 31], its 
ability to accurately approximate Coulomb friction [10], and its numerical friendliness in 
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comparing it to an exact analytical steady-state solution of a two-pulley belt drive presented 
in Leamy and Wasfy [10]. This was the first model that bridged the gap between belt 
mechanics and dynamics. The model could accurately reproduce the steady-state 
distributions of tangential (friction) force, normal force, belt tension over the rotational 
motion of the pulleys, belt spans vibrations and tensioner motion [32, 33]. However, in the 
studies presented in [26, 34, 35], the element types and the discretization sizes chosen were 
insufficient to accurately capture stick-slip motion and to predict  Schallamach waves of 
detachment. 
Most of the investigations of the power losses in belt transmission (mostly for flat 
and V belts) were initiated by Gerbert [36]. However, the complex time and temperature 
dependent hysteretic properties [37] of the belt material were not considered. Instead, 
constant elastomeric properties of the belt rubber (storage and loss moduli) were used. 
Chen et al. [38] experimentally studied the global energy efficiency of a rubber V-belt 
continuously variable transmission (CVT) and Greenberg et al. [39] compared the global 
power loss of belt transmission with various types of belt (flat, V and synchronous belts). 
Regarding poly-V belts, Manin et al. [40] conducted experiments to study the effects of 
tensioner and belt properties on the pulley-belt slip in serpentine belt drives. Cepon et al. 
[41] carried out experiments to identify the friction coefficient between a V-ribbed belt and 
a pulley. Recently, Balta et al. [42] studied the speed losses in poly-V belt drives with two 
identical pulleys. Silva et al. [43] focused on predicting the power loss related to the 
hysteresis dissipation in a belt submitted to dynamic loading, improving the model 
originally developed by Manin et al. [44].  Silva’s model considered the bending, flank and 
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radial compression, stretching and shear belt-hysteresis phenomenon causing the loss of 
energy in poly-V belt transmissions [43]. 
1.3 Elastomer Friction and Schallamach Waves 
Friction of elastomers arises from two main mechanisms: deformation and adhesion 
[45, 46]. The deformational component of friction is connected to the elastomer’s 
viscoelastic properties and results in incomplete recovery of deformation energy during 
sliding [47]. The adhesive component is pictured as being due to molecular bonding 
between the elastomer chains and molecules of the interacting counterpart [48], and it is 
also connected to the bulk viscoelastic properties of the substance [45]. A close correlation 
between the sliding friction at various speeds and temperatures, and the viscoelastic 
properties of elastomers, is explained in terms of the manner in which the area of contact 
and the interfacial shear strength vary with rates of deformation and temperature [49]. 
 Large contact areas formed between deformable elastomers and their interacting 
counterparts inevitably lead to high adhesive friction [50], which often prevents sliding in 
the accepted sense. Instead, the displacement of contacting bodies is accommodated by 
stick-slip [51] or Schallamach waves, which are narrow lines of lost contact that move 
across the contact area in (or against) the sliding direction (Fig. 1-5). Importantly, no 
relative movement is discerned between these lines and thus all gross displacement of the 
elastomer is solely associated with wave motion [2]. Schallamach waves, which form due 
to the buckling of elastomeric surfaces [52-55], lead to uncontrollable and unstable surface 
behavior (Fig. 1-6) [54], resulting in vibration, noise, diminished accuracy, energy loss and 
increased wear that affect the function and shorten the service life of machine components. 
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Interestingly, in some cases even the lubricant present between the elastomer and its 
counterpart cannot prevent the appearance of stick-slip instabilities [56, 57]. 
 
 
Figure 1-5. Views of the contact area illustrating the successive stages of formation of 
a re-attachment fold in sliding (curvature radius R  =  8 ram; normal load P  = 20 
mN; sliding speed V = 20 pm s-l): (a), (b) peeling; (c) slip and viscoelastic bulge 
formation; (d) sticking; (e)-(g) healing; (h) beginning of peeling as in (a).[58] 
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Figure 1-6. Unstable friction force with associated images of contact area. Insert 
presents a schematic of Schallamach waves.[54] 
The present understanding of contact instabilities at the local interface level does not 
extend to models capable of predicting the onset of surface buckling and the 
appearance/disappearance of detachment waves in either sliding or rolling. Herein we term 
this the requisite local model, which will then be subsumed in a larger global, or system-
level, model. Similar studies (i.e., those which elucidate the relationship between applied 
force and relative speed on the generation of detachment waves) are sparse and related only 
to Schallamach waves of detachment associated with sliding. Barquins [58] characterized 
Schallamach waves in terms of energy dissipation and found a power law relationship 
between the propagating speed of the waves and the sliding velocity (Fig. 1-7). Rand [54] 
proposed a fundamental model addressing the wavelength dependence of Schallamach 
waves on the sliding velocity and the properties of elastomer, especially its interfacial 
adhesion and complex modulus. Both Wu-Bavouzet [59] and Viswanathan [60] reported a 
linear frequency dependence of the occurrence of Schallamach waves with sliding velocity, 
but not with normal loads. Maegawa [61, 62] observed a more complicated relationship, in 
the form of a general power law, between the frequency of Schallamach waves and sliding 
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velocity and normal loads applied, which couples the effects of the sliding velocity and the 
normal loads. 
 
Figure 1-7. Relation between the propagating speed of the waves and the parameter 
VT/nl, where V, T, n, and l denote the sliding velocity, tangential forces, number of 
waves at interface and width of folds, respectively.[58] 
It is anticipated that the requisite local model required in the proposed studies (based 
on perfect stick or Tresca friction) will result in a complex relationship between wave 
frequency, global motion velocity, normal load, and, in addition, surface stresses. The 
model recently developed by Yamaguchi et al. [63] offers a good starting point for the 
necessary local analysis (Fig. 1-8). There, a polyethylene-type adhesive gel-sheet, with a 
rigid top surface, undergoes gross motion due to a prescribed pull velocity V. Unlike the 
model necessary herein, the system is considered to be inextensible and not carrying a 
tension force. Instead, only bending and shearing are allowed. However, similar to the 
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model needed herein, and based on analogs in fracture mechanics, the work required to 
overcome adhesion (𝐺0), and thus to form a buckle, is related to the critical release energy 
(𝐺𝑐), known from fracture mechanics, via a parameterized relationship with the crack tip 
velocity (𝑣), 






where  and 𝑣0 denote parameters related to the material viscoelasticity. The adhesion 
work can be equated to the released elastic strain energy, which is ultimately related to the 

















where 𝜇 denotes the gel’s shear modulus, 𝐿 the sample length, 𝑊 its width, and 𝐻 its height. 
Thus, the analysis yields the average frictional force 𝐹𝑎𝑣𝑒 as a function of pull velocity V 
(Eq. 1.2.), as well as the relationship between the separation distance between detachment 
waves 𝐿𝑐  and the pull velocity V (Eq. 1.3.).  














Yamaguchi et al. have shown reasonable agreement between their model and experiments.
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Figure 1-8. Gel (blue) on a rigid substrate (purple).[63] 
The appearance of Schallamach waves may be affected by the presence of surface 
films and surface asperities, which may reduce adhesion forces [64]. To this end, 
modifying the surface chemistry or topography allows disrupting the formation and 
propagation of the detachment waves, and thus may stabilize the elastomer friction. There 
are many types of chemical surface modification. In most cases, different functional groups 
are introduced at the elastomer surface by treatment with strong acids or chlorinating agents 
[65]. Atmospheric plasma treatments [66] are also used to introduce adhesion-oriented 
functional groups [67, 68] on elastomer surfaces as well as to deposit a plasma polymerized 
coating on top of them [69, 70]. Laser cladding was also recently used to produce polymer-
based coating on elastomer substrates [70]. However, these methods are time-consuming 
and often based on substances that are not environmentally friendly. Moreover, the large 
elasticity of elastomers makes coating them challenging, as it necessitates a strong adhesion 
over a wide range of strains. Modification of surface topography, on the other hand, does 
not produce any of the above mentioned problems and can be achieved by either material 
removal processes, such as laser surface texturing [71, 72] or simply during the polymer 
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curing against the template wall. It is clear that the latter method is preferable, as it allows 
securing the desired surface texture directly without any additional operation. 
There is a virtually endless variety of different surface textures that can be tested to 
find solution to the problem of friction instabilities in elastomers, and it is not a simple task 
to identify the appropriate one. However, bearing in mind that frictional surfaces evolved 
in the biological world are known for generating either smooth sliding or complete stop 
due to stiction (or interlocking), but never intermediate stick-slip motion (except for, 
maybe, in sick tissues) [73], it is possible to learn from nature’s existing solutions [74] to 
narrow the search. One of the most promising biological surface textures is the hexagonal 
one found in attachment pads of representatives of tree frogs [75] and bush crickets [76]. 
The inner construction of these pads is characterized by a dendrite-like structure branching 
in the proximity of the surface, while the remaining volume is filled up with a liquid [77], 
which enables these biological composite materials to perform similarly to elastomers [78-
80]. It has been previously hypothesized that the hexagonal surface micropattern may 
function as a friction-oriented feature, preventing hydroplaning and optimizing the 
thickness of the fluid film in the presence of secretion fluid. 
To test this hypothesis experimentally, Varenberg et al. [81-83] recently fabricated 
and examined a cricket-inspired hexagonal elastomeric surface texture (Fig. 1-9). 
Surprisingly, this surface micropattern not only prevented hydroplaning in wet conditions, 
but also eliminated stick-slip instabilities in dry conditions and allowed elastomeric friction 
to be adjusted from as low as approximately 50% to nearly 100% of that for the unmodified 
surface. This renders this texture as potentially attractive for many tribological applications 
based on rubber-like material [84-86]. 
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The disappearance of stick-slip instabilities has also been observed with other more 
sophisticated biomimetic textured elastomer surfaces [87, 88], which suggests that this 
phenomenon may be intrinsic to the frictional response of textured elastomer [89], such as 
wrinkle-patterned surfaces for example [90]. However, only very limited experimental and 
theoretical work has been performed so far to uncover the mechanism responsible for this 
intriguing frictional performance of textured elastomer surfaces. Moreover, there is another 
class of relative motion, namely, rolling, which is widely used in various elastomer-based 
driving devices, and is likely to be affected by surface texturing, as it inevitably involves 
elements of sliding [64]. Rolling of regularly textured elastomers remains, however, 
essentially unexplored. Though there is evidence that random micro-texture may improve 
the tribological performance of belt drives [91], which utilize rolling for power 
transmissions, the mechanics of how friction or wear in rolling are (if at all) affected by 
surface texturing is unknown. 
 
Figure 1-9. Biomimetic hexagonal surface texture.[81] 
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1.4 Research Goals 
Although investigation of belt drive systems is extensive, contact instabilities 
associated with Schallamach waves remain unaddressed. As stated in Section 1.3, the 
inability to accommodate relative displacement by sliding should also affect rolling of 
elastomeric surfaces, which has long been known to involve slip over part of the contact 
area, for instance, in the so-called ‘slip’ arc in a belt drive system. Consequently, the current 
belt drive models employing traditional sliding-based friction law can be intrinsically 
inaccurate. Further, the local frictional instabilities at the contact region may affect the 
dynamic response of the global system, which in turn may also influence the generation of 
the contact instabilities. These events can be harmful to the belt drive system, increasing 
noise and vibration, reducing the energy efficiency, and shortening the service life. 
However, the interrelation between the local instabilities and global oscillations in belt 
drives remains unexplored, which may also hinder further progress in designing green 
machinery. 
In light of the above, it is proposed to investigate, through experiment and modeling, 
the Schallamach waves of detachment and friction-induced self-oscillations in belt drive 
systems. The Schallamach waves will be discerned on a custom-built tribometer, and the 
effects of the loading conditions and the system’s properties will be explored. Friction 
mechanisms, contact mechanics and system dynamics for belt drives will be studied. Of 
particular interest is the investigation of the coupling between local contact instabilities 
(including but not limited to Schallamach waves) and the global system’s dynamic 
response. Models capturing contact instabilities coupling to the dynamic response of the 
belt drive system as well as the system’s dynamics coupling to the generation of 
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Schallamach waves will be developed. Then, biomimetic patterning will be adopted on the 
belt surface in order to explore the possibility to disrupt the occurrence of detachment-
based contact instabilities. Lastly, belts incorporating tension cords, which are comparable 
to industrial belts, will be investigated to answer the question of whether the detachment 
events are universal in belt drive systems. 
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CHAPTER 2. DETACHMENT WAVES 
 In this chapter, we present an experimental study of the rolling contact mechanics 
in a simple flat belt drive. Given that the elastomeric belt surface is unable to slide, we 
explore the mechanism of relative displacement and friction generated at the belt/pulley 
interface in both driver and driven cases. Then, we continue studying the formation of 
detachment waves as functions of the applied torque, the operating speed (all speeds are 
limited to slow operation), and the system moment of inertia.  In so doing, we uncover 
contact instabilities in the form of periodic detachment waves leading to pulley oscillations, 
which grow in time.  
2.1 Method and Means 
2.1.1 Apparatus 
The experimental apparatus is built on the basis of a one-pass-slide tribometer [92, 93] 
able to measure forces in the direction of the stage motion. Fig. 2-1 represents a schematic 
and a 3D CAD model of the test rig incorporating the driving, loading and measuring 
systems. The driving system consists of a linear translation stage drawn by a dead weight 
and an electric motor releasing the stage at a constant controlled speed. The loading system 
consists of another linear translation stage moving in the same direction and a stationary 
pulley with a replaceable flywheel used to change the inertia of the system. Loading is 
realized using two adjustable dead weights: one to apply tension to the belt, and another to 
apply torque to the pulley, while reversing the direction of the torque allows the user to 
switch between the driver (as shown in Fig. 2-1a) and driven cases. The measuring system 
consists of an S-beam load cell LRM200 (FUTEK, Irvine, CA) and a linear encoder 
      
 19 
LM10IC (Renishaw, West Dundee, IL) mounted on the driven stage, a bending beam load 
cell LBB200 (FUTEK, Irvine, CA) and another LM10IC encoder mounted on the driving 
stage, a rotary encoder RE36IC (Renishaw, West Dundee, IL) mounted on the pulley, and 
a monochrome digital camera DMK 23UP1300 (Imaging Source, Charlotte, NC) with an 
optical lens Zoom 12X (Navitar, Rochester, NY) mounted in front of the trailing (slip) side 
of the belt/pulley contact zone.  
 
Figure 2-1. Experimental apparatus in (a) schematic representation and (b) 3D CAD 
model, and (c) side and top view of the belt. 
 
The belt specimen is wrapped over the pulley and clamped to the stages through 
the load cells, such that when the driving stage is set in motion, the belt rotates the pulley 
and forces the driven stage. The forces acting on the belt ends, as well as the linear and 
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rotary displacements of the stages and the pulley, are sampled with a multifunctional data 
acquisition board PCIe-6351 (National Instruments Co., Austin, Texas). The data are 
processed with a custom application written using a LabVIEW software package (National 
Instruments Co., Austin, Texas). Visualization of the shear strain is based on the 
comparison of the tick marks created on the belt sidewall and on the transparent reference, 
which rotates with the pulley. The real contact area is seen as a darker region due to optical 
interference at the belt/pulley interface (Fig. 2-1c). 
2.1.2 Belt Specimen Preparation 
The belt specimens were produced by molding polydimethylsiloxane (PDMS, 
Sylgard 184, Dow Corning, Midland, MI), which is a transparent elastomer. A 10:1 mixture 
of Sylgard 184 pre-polymer and its cross-linker was cured for 14 h at 65 C in a flat smooth 
template. To drive out the air bubbles trapped inside by mixing the polymer, the curing 
took place in light vacuum. To trace the shear strain distribution alongside the belt while in 
operation, evenly distributed tick marks with 1 mm interval were created on the belt 
sidewall during molding by using a standard ruler as one of the template sidewalls. Finally, 
a belt specimen of 400 mm in length, 8 mm in width and 3 mm in thickness was cut from 
the mold. Limited by the strength of PDMS, we chose to work with a maximum allowable 
belt tension of 6 N. Hence, the torque and tension weights were adjusted so that the belt 
tension ranged from 2 N to 6 N.  
2.1.3 Operating Conditions 
Previous investigations on Schallamach waves in sliding find that the frequency 
and the amplitude of the detachment waves depend on sliding velocity and loading 
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conditions [52, 53, 55, 58, 94]. To study the same quantities in our belt drive system, we 
varied the stage driving velocity from 3 mm s-1 to 11 mm s-1 using incremental changes of 
2 mm s-1.  
Note that there is a distinction between the dead weight used to apply torque and 
the “net torque weight” effectively acting on the pulley. This difference arises due to the 
parasitic resistance from friction in the bearings and the rotary encoder. As a result, the 
cases of driver and driven pulley need different dead weights to achieve the same net torque 
applied to the pulley. Bearing this in mind, we adjusted the loading such that the net torque 
weight applied to the pulley ranged from 3.5 N to 5.5 N with an increment of 0.5 N for 
both driver and driven cases.  
For all tests performed, the high tension (on the entering side for the driver case 
and on the exiting side for the driven case) remained at 6 N, the maximum tension that our 
belt specimen can bear without failure. The travel distance of the driving stage was 200 
mm (~3.3 revolutions of the pulley). Tables 2-1 and 2-2 list detailed operating conditions 
for variation of driving speed and load, respectively. Each test was repeated at least 5 times. 
All statistical tests were performed using one-way ANOVA; all pairwise multiple 
comparison procedures (Holm-Sidak method), with overall significance level 0.05, were 
performed using the SigmaPlot software package (Systat Software Inc., San Jose, CA). The 
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Table 2-1. Experimental conditions for variation of driving speed. 
Speed 3 mm s-1 5 mm s-1 7 mm s-1 9 mm s-1 11 mm s-1 
Net torque weight 4 N 
Flywheel None 
 
Table 2-2. Experimental conditions for variation of load. 
Speed 3 mm s-1 
Net torque weight 3.5 N 4 N 4.5 N 5 N 5.5 N 
Flywheel None 
 
2.2 Detachment Wave-Induced Instabilities 
 Figure 2-2 documents the forces measured during the operation of the system and 
the characteristic sequences of images representing the contact area evolution in both the 
driver (Fig. 2-2a) and the driven (Fig. 2-2b) cases. Regardless of the drive type, the entering 
side of the belt experiences more or less constant tension, which results from the “load 
control” boundary conditions. The exiting side of the belt operates under the “speed 
control” boundary conditions, which leads to fluctuations in tension that are defined by the 
changes in the contact stresses generated at the belt/pulley interface. The fluctuations 
become larger after the initial transient period is over and the steady state rolling conditions 
are established. It is also worth noting that because the rolling contact mechanics appears 
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to be different in the driver and the driven cases, we had to adjust both the direction and 
the magnitude of the pulley torque in order to have comparable force measurements. 
 
Figure 2-2. Forces measured during the operation and characteristic sequences of 
images representing evolution of the contact area (shown in black) in the driver (a) 
and driven (b) cases. 
2.2.1 Contact Instabilities 
The difference between the tight and the slack side tensions integrates the stresses 
developing along the contact arc and allows us to capture the global large-scale instabilities 
associated with the stick-slip motion. Interestingly, because the low-inertia pulley operates 
under “load control” conditions in our experiments, the stick-slip events disturb rotational 
motion in the pulley. Once the pulley’s angular velocity starts oscillating, it effectively 
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source when this pattern is released on the exit side of the belt. This demonstrates once 
again that stick-slip events, though being local, are able to affect the global dynamics of 
the system. 
The tension difference curves obtained for the driver and the driven cases 
demonstrate clear differences in both the amplitude and the frequency of the stick-slip 
events, which appear to be more pronounced in the driver case. A close-up of the tension 
difference signal is presented to enable correlation with the characteristic images of the 
contact area, which are shown in a black-and-white mode to differentiate clearly between 
the contact (black) and non-contact (white) zones. It should be noted here that before 
processing the images, we closely studied the contact area evolution and, as expected, we 
did not find any evidence of sliding in either the driver or the driven case. Instead, the 
relative displacement between the belt and the pulley was achieved by means of cyclic 
detachment. 
In the driver case (Fig. 2-2a), the process of detachment/re-attachment appears to 
be asymmetric in both time and space. The sequence of the real contact area images starts 
at point 1, where both the tension difference and the contact area reach their maxima. Then, 
a large fraction of the contact area detaches nearly at once by fast motion of the peeling 
front running backwards (with respect to the rotation direction), which results in a steep 
drop of the tension difference at point 2. Next, a much slower process of re-attachment 
starts. A newborn contact forms approximately in the center of the detached zone and grows 
in both forward and backward directions, which is accompanied by an increase in the 
tension difference from point 2 to point 5. The loading phase is occasionally interrupted by 
the precursor relaxation/detachment events that run through this secondary newborn 
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contact and lead to local drops of the tension difference. After the contact area is rebuilt 
completely at point 5, the process repeats. Thus, it becomes evident that waves of 
detachment take place in the belt drive, though their appearance differs from that described 
previously [2]. 
In the driven case (Fig. 2-2b), the fluctuations in both the tension difference and the 
contact area size appear to be more symmetric and have smaller amplitudes. The most 
important difference, however, manifests in that detached regions never come in contact 
again, and the contact area growth happens on account of the pulley rotation, which pulls 
the adhesive zone forward until it peels backwards again when a critical load is achieved. 
Thus, no waves of detachment are seen and the observed fluctuations in tension difference 
and contact area can be associated with the effect of adhesive hysteresis [95].  
To visualize shear deformation along the contact arc, we have plotted shear strain 
(a tangent of the angle between tick marks on the belt sidewall and on the transparency 
reference) as a function of angular position measured from the belt entry point to the belt 
exit point (Fig. 2-3). One can see clearly that the shear-affected zone is much larger in the 
driver case, which fits well the observations of the real contact area presented in Fig. 2-2. 
Comparison of the slip arc angles obtained by different methods (Table 2-3) should also be 
instructive, as follows.  
The experimental boundary between the stick and the slip zones was defined based 
on: (a) the position of the maximum shear strain (relative displacement is a relaxation 
mechanism, so stresses should fall when a relative motion is enabled), (b) the largest size 
of the detachment zone (white region in the images shown in Fig. 2-2), and (c) optical 
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observation of the belt sidewall appearance. The average values calculated for both the 
driver and the driven cases are presented in Fig. 2-3 as a grey/white border. 
 
Figure 2-3. Shear strain as a function of angular position in the driver and driven 
cases. 
The theoretical boundary between the stick and the slip zones, which is identical 
for the driver and the driven cases, was computed based on the capstan formula 𝑒𝜇𝜑 =
𝑇𝐻 𝑇𝐿⁄  , where 𝑇𝐻  and 𝑇𝐿  are the high and low tensions on the tight and slack sides, 
respectively, 𝜇  is the friction coefficient and 𝜑  is the slip arc angle [3]. Though the 
Amontons’ laws of friction are not applicable to elastomers, and the idea of friction 
coefficient is of little value when elastomers are discussed [96], this simple approach is 
widely used for analysis of rolling contact mechanics. Given that the coefficient of friction 
of PDMS can range between 1.3 and 2.3 [81], it is evident that the theoretical slip arc angle 
does not agree well the experimental observations, which calls into question the validity of 
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Table 2-3. Slip arc angles obtained by different methods. 
Method 
Slip arc angle (o) 
Driver Driven 
Max. shear strain position 36.0 15.4 
Contact area observation 25.7 2.6 
Sidewall observation 28.3 3.0 
Average 30 7 
Theoretical,  =  −   −   −  
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Following the above measurements and observations, Fig. 2-4 presents a schematic 
of the contact behavior; it is based on a free body diagram of the belt segment taken from 
the region subjected to shear traction. In both the driver and the driven cases, the forces 
acting on the belt segment in the circumferential and radial directions are in equilibrium. 
However, because the difference in tension, which is acting at the neutral axis of the belt, 
is balanced by the shear traction, which is acting at the belt/pulley interface, there is a 
moment acting on the belt. 
In the driver case, this traction-initiated moment tends to lift the belt from the 
pulley. When the belt detaches, the shear traction disappears and the traction moment 
relaxes, which brings the belt back in contact due to the restoring action of the tension 
forces’ radial components. This sequence leads to the generation of a surface fold that can 
travel along the interface in the backward direction until it closes because of increasing 
normal load at smaller angles. The question is whether this surface fold can be associated 
with the classic buckling-based surface instabilities [2, 52-55]. Interestingly, the inner belt 
surface can experience some compression due to bending when the belt detaches from the 
pulley and the shear traction disappears, which could lead to buckling. However, the fact 
that the width of this surface fold can change (Fig. 2-2a), while the classic buckling-based 
wrinkles maintain a constant and much smaller width during their lifetime [2, 52-55], 
makes it highly improbable that buckling is involved in the formation of the folds observed 
in this work. It should be stated though that this question calls for further in-depth 
investigation. 
In the driven case, the traction-initiated moment acts in the opposite direction, 
which results in the belt being pressed further against the pulley. However, the belt tends 
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to become thinner because of the increasing tension. This thinning may pull the belt out of 
the contact, leading to local detachment at the contact area edge. This effect is not expected 
to be large, though, and the relatively small amplitude of fluctuations in the contact area 
size (Fig. 2-2b) supports this assumption. Once detached from the pulley, the belt does not 
attach again, and the contact area simply moves forward together with the pulley until the 
belt peels off again. Thus, in a process similar to ball-on-flat rolling [97], the contact 
mechanics of the driving and the braking pulleys differs significantly, which may explain 
the different vibrational characteristics of the two belt drive cases. 
2.2.2 Oscillations in Belt Tension 
Contact instabilities formed in both driver and driven cases lead to oscillations in 
belt tension and in pulley rotation. Figure 2-5 documents the tension difference and angular 
velocity, as a function of pulley revolution, obtained experimentally at a driving speed of 
3 mm s-1 using a net torque weight of 4 N in both the driven (Figure 2-5a) and the driver 
(Figure 2-5b) cases. The difference between the tight and slack side tensions measured by 
the force transducers with a resolution of 0.04 N. The angular velocity is computed via a 
central difference scheme from the angular displacement registered by the rotary encoder 
with a resolution of 8192 counts per revolution.  
The subfigures in the top row clearly document growing oscillations, with similar 
frequency content, in both measured quantities. A zoomed-in plot (middle row) shows the 
correlation between the tension difference and angular velocity such that the period of the 
tension difference oscillations coincides with that of the pulley oscillations (each period 
denoted by two adjacent dashed-dot lines). It is also evident that the tension difference 
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signal exhibits additional, higher frequency content associated with belt detachment at the 
exit of the pulley. This is borne out by comparisons of the tension difference signal with 
the contact area in the exiting region of the belt-pulley interface (see numbered points on 
the tension difference, middle subfigure, and corresponding numbers on the contact area 
snapshots), where black areas denote contact, and white areas denote loss of contact 
between the belt and the pulley. Similar to the results in Section 2.2.1, waves of detachment 
(see isolated detached pocket on third contact snapshot in the driver case) are detected only 
in the driver case.   
The tension difference fluctuations were analyzed further via wavelet transform 
routines available in Matlab and were decomposed into two primary components: 1) a high-
frequency component (dashed line) associated with the detachment events at the belt-pulley 
interface (Tde); and 2) a low-frequency component (solid line) associated with the pulley 
oscillation (Tpo). Interestingly, the Tpo signals in the driver and driven cases exhibit distinct 
reverse saw-tooth shapes, and this becomes more evident as the system inertia increases 
(see Section 2.3.3). This result can be explained in the following way. Comparing the Tpo 
signal to the angular velocity oscillations (left-bottom sub-figure in Figure 2-5), we can see 
that the minute halts in the pulley rotation are associated with the tension difference drop 
in the driver case and with the tension difference rise in the driven case. In the driver case, 
when the pulley drives the belt, the pulley motion cessation leads to decrease of the 
difference between the tight and slack side tensions (the belt is relaxed). On the other hand, 
in the driven case, when the belt drives the pulley, the pulley motion cessation leads to 
increase of the difference between the tight and slack side tensions (the belt is loaded). 
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Figure 2-5. Tension difference, angular velocity and characteristic images 
representing evolution of the contact area (shown in black) in (a) the driver and (b) 
the driven cases. A wavelet decomposition exhibits the two primary components of 
the tension difference signal: fluctuations associated with detachment events (Tde) and 
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2.2.3 Oscillations in Pulley Angular Velocity 
We believe the oscillation growth observed in both the tension difference and the 
angular velocity is due to a positive feedback mechanism as follows: contact instabilities 
in the belt exit zone excite rotational oscillations in the pulley, which in turn store a periodic 
belt tension pattern in the belt entry zone. This tension pattern then serves as an additional 
excitation source when released at the exiting side of the belt, further destabilizing the 
pulley angular velocity. Thus, local contact instabilities induce large changes in the 
system’s global dynamics. Given that the dynamic response evolves in time, in the 
parametric studies to follow we chose to focus on the final pulley revolution where the self-
excited oscillations are most evident. 
2.3 System Behavior under Different Loading 
2.3.1 Effects of Tension and Torque 
The fluctuations in both the tension difference and the angular velocity were 
decomposed into two components related to detachment events and pulley oscillations. 
Their corresponding frequencies and amplitudes are shown in Fig. 2-6. The fluctuations in 
angular velocity resemble those in tension difference (especially in terms of frequency), 
which verifies the correlation between these two signals. The information on the 
fluctuations in the angular velocity associated with detachment events is missing for the 
driven case because of a low signal-to-noise ratio resulting in an inability to get reliable 
data. 
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Figure 2-6. The frequency (f) and amplitude (A) of the fluctuations in the tension 
difference (T), (a) and (b), respectively, and in the angular pulley velocity (α), (c) and 
(d), respectively, associated with detachment events (de) and pulley oscillations (po), 
and presented as a function of loading conditions in both the driver and driven cases. 
The error bars show standard deviation. 
The fluctuations in the tension difference associated with detachment events exhibit 
higher frequency and lower amplitude than those associated with pulley oscillations in both 
the driver and driven cases (Fig. 2-6a, and 2-6b). As the net torque weight increases in the 
driver case, the amplitude AT,de is barely affected (a statistically significant difference is 
observed only between torque weights 3.5 and 5.5 N, and between 3.5 and 5 N), whereas 
its frequency fT,de increases. This increase is consistent with the hypothesis that a traction-
induced moment tends to lift the belt from the pulley, while the belt remains attached until 
the traction moment reaches a certain threshold. Increasing the net torque weight raises the 
traction applied to the belt and reduces the gap between the acting moment and the 
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threshold value. This leads to less time needed to reach the threshold value for detachment, 
resulting in increase of the fluctuation frequency. In the driven case, however, the 
frequency fT,de and the amplitude AT,de do not depend on the net torque weight (no 
statistically significant effect is observed). In this case, the traction-induced moment acts 
in the opposite direction, pressing the belt against the pulley. The detachment at the contact 
edge happens as a result of the thinning and peeling of the belt, and these mechanisms are 
not directly affected by the shear traction. The amplitude AT,de in the driver case is larger 
than that in the driven case because the scale of contact instabilities is much larger in the 
former case (Fig. 2-5). 
The frequency of the tension difference fluctuations associated with the pulley 
oscillations (fT,po) does not depend on the net torque weight (no statistically significant 
effect is observed). The torque weight adds inertia to the system, so, in principle, the 
frequency fT,po  should decrease with increasing torque. The reason for not observing this 
effect can be an insufficient range of the torque change. A small difference between the 
frequencies fT,po in the driver and driven cases may result from a larger torque weight used 
in the driver case to attain the same net torque weight as in the driven case, which results 
in a larger system inertia. The amplitude of the tension difference fluctuations associated 
with the pulley oscillations (AT,po) shows an inconsistent step-like increase with increase in 
the net torque weight from 4 to 4.5 N, while maintaining statistically indistinguishable 
values otherwise. This can be related to some issue that went unnoticed during the tests 
and is worth verifying based on the analysis of the angular velocity oscillations below. 
The frequencies of the angular velocity fluctuation fα,de and fα,po (Fig. 2-6c) are 
almost identical to those of the tension difference fluctuations (Fig. 2-6a) because they 
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characterize the same response.  Similar to AT,de in the driver case (Fig. 2-6b), the amplitude 
of the angular velocity fluctuation Aα,de (Fig. 2-6d) is nearly not affected by the torque 
increase (no statistically significant difference is observed between the torque weights 4, 
4.5, 5 and 5.5 N). Analyzing the amplitude Aα,po, we also see almost no effect of the torque 
weight (statistically significant difference is observed only between the torque weights 4 
and 5.5 N in the driver case, as well as between the torque weights 4 and 5.5 N, 4 and 5 N, 
and 3.5 and 5 N in the driven case), which resembles the results obtained for AT,po. Thus, 
based on a comparative analysis of the effect of torque, we can conclude that, to a first 
approximation, the only affected parameter is the frequency of waves of detachment in the 
driver case.  
2.3.2 Effect of Driving Speed 
In both the driver and driven cases, increasing driving speed accelerates the 
occurrence of contact instabilities (detachment events) and pulley oscillations regardless 
of the analyzed signal source, be it either tension difference or angular pulley velocity (Fig. 
2-7a and 2-7c, respectively). Given that the formation of the stress pattern along the contact 
arc relies on the rotation of the pulley, the stress relaxation associated with detachment 
events at the belt-pulley interface takes less time as the pulley rotates faster.  The pulley 
oscillations are mainly caused by contact instabilities, so when the latter occur more often, 
the former follow suit. Hence, all frequencies increase with increase in driving speed. It is 
also evident that the pulley oscillations in the driven case appear to be more sensitive to 
the driving speed, so the frequency fT,po increases more rapidly than that in the driver case. 
This can result from a larger system inertia in the driver case due to a larger torque weight 
used to obtain the same net torque as in the driven case. 
      
 36 
 
Figure 2-7. The frequency (f) and amplitude (A) of the fluctuations in the tension 
difference (T), (a) and (b), respectively, and in the angular pulley velocity (α), (c) and 
(d), respectively, associated with detachment events (de) and pulley oscillations (po), 
and presented as a function of driving speed in both the driver and driven cases. The 
error bars show standard deviation. 
The amplitude of the tension difference fluctuations associated with the pulley 
oscillations (AT,po, Fig. 2-7b) exhibits an inconsistent step-like decrease with increase in 
driving speed from 5 to 7 mm s-1, while maintaining otherwise statistically 
indistinguishable values in the driven case. In the driver case, the effect of the driving speed 
on the amplitude AT,po is also not statistically reliable (no statistically significant difference 
is observed between the speeds 5 and 9 mm s-1, 7 and 9 mm s-1, 7 and 11 mm s-1, 9 and 11 
mm s-1). The amplitude of the tension difference fluctuations associated with the 
detachment events (AT,de, Fig. 2-7b) also does not demonstrate any clear effect of the 
driving speed. In the driven case, no statistically significant difference between different 
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amplitudes is observed at all, while in the driver case, only the amplitude obtained at the 
speed 3 mm s-1 differs from all other measurements. 
The amplitude of the angular velocity fluctuations associated with the pulley 
oscillations (Aα,po, Fig. 2-7d) has shown no statistically significant effect of driving speed 
in either the driver or driven cases. The effect of the driving speed on the amplitude of the 
angular velocity fluctuations associated with the detachment events (Aα,de, Fig. 2-7d) is also 
negligible, with only the amplitude obtained at the speed 3 mm s-1 being different from all 
other measurements. Thus, based on a comparative analysis of the effect of driving speed, 
we can conclude that, to a first approximation, while the amplitudes of either the contact 
instabilities or the pulley oscillations are not affected, their frequencies grow with increase 
in driving speed. Note that the frequency versus speed relationship in our findings 
compares well with that found in sliding cases where an increasing speed also leads to an 
increased Schallamach wave frequency [55]. 
2.3.3 Effect of System’s Inertia 
As reported above, contact instabilities excite pulley oscillations, complicating the 
study of the contact mechanics. In an attempt to limit these oscillations, we increased the 
moment of inertia of the pulley by using two removable flywheels, whose moments of 
inertia are 9 and 99 times that of the pulley. These are referred to as Small and Large 
flywheels. Table 2-4 lists the conditions employed in assessing the effect of inertia.  
An illustration of the effect of the pulley’s moment of inertia on the tension 
difference and angular velocity is presented in Fig. 2-8. Looking at the tension difference 
curves, we conclude that the effect of the pulley’s moment of inertia is identified clearly in 
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the fluctuations associated with the pulley oscillations (see the wavelet decomposition 
subfigure in Fig. 2-5 for comparison), while the fluctuations associated with the contact 
instabilities seem to be less sensitive to this parameter. Interestingly, increasing the pulley’s 
moment of inertia results in much more violent oscillations in the tension difference, while 
the pulley oscillations become more restrained. This is explained by noting that larger 
difference between the tight and slack side tensions is needed to move a heavier pulley, 
which has larger moment of inertia and hence rotates more steadily. 
Table 2-4. Experimental conditions for variation of the moment of inertia of the 
pulley. 
Speed 3 mm s-1 
Net torque weight 4 N 
Flywheel None Small Large 
Analyzing the frequencies and amplitudes of the fluctuations in the tension 
difference and the pulley’s angular velocity (Fig. 2-9), we can draw similar conclusions. 
The frequencies of the fluctuations in both the tension difference and the angular velocity 




, respectively) decrease with increases in 
the pulley’s moment of inertia in both the driver and driven cases, which is the expected 
result. Notably, the discrepancy between the scale of the decrease in frequency and the 
scale of the increase in pulley’s moment of inertia is due to that the total moment of inertia 
of rotary parts includes the contribution from the torque weight as well (as shown in Eq. 
2.3). The amplitude of the tension difference fluctuations associated with the pulley 
oscillations (A
T,po
) grows with increase in the pulley’s moment of inertia in both the driver 
and driven cases, which results from higher belt tension being required to move (or 
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interfere with) the heavier pulley. The amplitude of the angular velocity fluctuations 
associated with the pulley oscillations (A
α,po
) decreases (as expected) with increasing the 
pulley’s moment of inertia, but the changes are less pronounced (no statistically significant 
difference is observed between small and large flywheels in the driver case, as well as 
between no flywheel and small flywheel, and between small and large flywheels in the 
driven case). 
 
Figure 2-8. Tension difference obtained with and without flywheels in the driver (a) 
and driven (b) cases. 
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 40 
 
Figure 2-9. The frequency (f) and amplitude (A) of the fluctuations in the tension 
difference (T), (a) and (b), respectively, and in the angular pulley velocity (α), (c) and 
(d), respectively, associated with detachment events (de) and pulley oscillations (po), 
and presented as a function of the relative pulley’s moment of inertia in both the 
driver and driven cases. The error bars show standard deviation. 
The frequencies of the tension difference fluctuations and the angular velocity 





respectively) seem to be independent of the pulley’s moment of inertia (no statistically 
significant difference is observed between any of the tested points in the driven case, as 
well as between force fluctuations with small and large flywheels, and between velocity 
fluctuations with no and large flywheel in the driver case). The amplitudes of the tension 





, respectively) are nearly independent of the 
pulley’s moment of inertia in all cases (statistically significant difference is observed only 
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between force fluctuations with no and large flywheel in the driver case). The amplitude 
AT,de in the driver case is larger than that in the driven case because a larger contact area is 
involved in the detachment events. Thus, based on a comparative analysis of the effect of 
the pulley’s moment of inertia, we can conclude that, to a first approximation, while the 
force and velocity fluctuations associated with the contact instabilities are not affected, the 
force and velocity fluctuations associated with the pulley oscillations do depend on the 
pulley mass. 
2.4 Analysis of System’s Instabilities 
2.4.1 Model of Belt Drive Dynamics 
To verify whether contact instabilities can serve as a source of self-oscillation in 
our system, we developed a simple dynamic model designed in such way that tension 
difference fluctuations are used as a modulated input, and the pulley’s angular velocity is 
computed as an output and then compared to experimental data. The following assumptions 
were made: 
1) The belt is uniform and perfectly flexible, and it stretches in a quasi-static manner; the 
two spans of the belt are hence treated as massless linear elastic springs coupled with 
a massless damper. 
2) The belt deformation along the belt width is decoupled from the belt deformation along 
the belt length. 
3) Belt extension s(t) resulting from detachment events is applied uniformly over the 
exiting portion of the belt. 
4) The torque weight is applied to the pulley through an inextensible string. 
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5) The speed of the belt exiting span and the masses of the loading weights are taken from 
the experiment.  
 
The diagrams of the model shown in Fig. 2-10 depict a lumped system with 2 
degrees of freedom: the angular displacement α(t) of the pulley and the linear displacement 
y(t) of the tension mass M. The motion of the torque mass m follows directly from the 
pulley motion at the attachment point. The linear motion of the exiting span of the belt is 
denoted as x(t) and is prescribed using the constant speed employed in the experiment. 
Detachment-driven extension in the exit zone is approximated as s(t). The frequency and 
amplitude of s(t) is estimated based on experimental measurements with one set of loading 
parameters and then used for all other test points (see Section 2.4.2 for further details). 
 
Figure 2-10. Diagrams of a simple belt-drive system defined for the driver and driven 
cases. 
The elongation of the exiting span of the belt δ(t) can be defined as  
𝛿(𝑡) = 𝑥(𝑡) − 𝑅𝛼(𝑡) − 𝑠(𝑡) (2.1) 
where R denotes the radius of the pulley. The elongation of the entering span of the belt is 
the difference between Rα(t) and y(t).  Hooke’s law yields the span stiffness values, k1(t) 
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where E, A, l01 and l02 denote the belt elastic modulus, cross-sectional area, and the initial 
lengths of the exiting and entering spans, respectively. Assuming quasi-static belt stiffness 
changes, we can derive the governing equations for our belt-drive system (driver pulley, 

















































where 𝑐1 denotes the damping coefficient associated with the pulley oscillations (losses in 
the belt-pulley contact and bearings) and 𝑐2 denotes the damping coefficient of the free 
spans of the viscoelastic belt. Both coefficients are assumed to be constant due to an 
approximately constant length of the contact arc in the first case and a constant total length 
of the belt in the second case. 
2.4.2 Model Verification 
The belt extension s(t) in the detachment region is considered to correlate closely 
to the tension difference fluctuations associated with detachment events (bottom row in 
Fig. 2-5). Hence, s(t) can be abstracted as a saw-tooth function for both the driver (Eq. 
2.4a) and the driven cases (Eq. 2.4b). The frequency of the saw-tooth function is taken as 
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the frequency fT,de measured in the case with small flywheel for both the driver and driven 
pulleys. The duty cycles (loading phase fractions) of the saw-tooth function are 2/3 and 1/3 
for the driver and driven pulleys, respectively, taken in accord with the tension difference 
fluctuations associated with detachment events. The amplitude of belt extension, As, cannot 
be defined based on our experimental data. To this end, we have determined As via the trial-
and-error method: the amplitude of the angular velocity fluctuations (A
α,po
) is calculated by 
numerical integration of Eq. 2.3 (via Matlab’s ode45 routine), while As is varied until the 
predicted A
α,po
 matches the A
α,po
 measured with the small flywheel in both the driver and 
driven cases. These values are applied to the cases of no and large flywheels to see whether 









































   (2.4b) 
All model parameters (Table 2-5) are taken from the experiment except for the two 
damping coefficients, c1 and c2, which were also chosen based on the trial-and-error 
method to obtain a good agreement between the theoretical and experimental results. The 
values c1 and c2, however, are verified to fall within a reasonable range for PDMS [98].  
The equations of motion were numerically integrated using the ode45 function in 
Matlab, while the real-time belt span lengths updated the stiffness values according to Eq. 
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2.2. Wavelet routines in Matlab were used to post-process the data from both the numerical 
model and the experiment. The model was also used to compute the quasi-static vibration 
modes (eigenfrequencies and eigenvectors) as a function of time (with the instantaneous 
stiffness values). 
Table 2-5. Parameters in the dynamic model. 
Nomenclature Value 
Symbol Parameter Driver Case Driven Case 
m Torque weight, kg 0.4 0.4 
M Tension weight, kg 0.6 0.2 
I Moment of inertia of the pulley, kg·mm2 15.2 15.2 
R Radius of the pulley, m 0.01 0.01 
E Young’s modulus of PDMS, MPa 1.6 1.6 
A Cross sectional area of the belt, mm2 16 16 
v Driving speed, mm/s 3 3 
l01 Initial length of exit span of the belt, m 0.04 0.04 
l02 Initial length of entry span of the belt, m 0.36 0.36 
g Gravity, m/s2 9.81 9.81 
c1 Damping coefficient of the pulley, kg/s 0.04 0.04 
c2 Damping coefficient of the belt, kg/s 0.12 0.12 
As Amplitude of the belt extension, μm 10 5 
fT,de Frequency of the detachment events, Hz 1.7 1.5 
The development of the angular velocity fluctuations in the driver and driven cases 
is presented using wavelet scalograms in Fig. 2-11 and 2-12, respectively. Dotted white 
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traces provide the time-varying natural frequencies obtained from the model eigenanalysis. 
The corresponding vibration modes (at 1.8 min, as denoted by the red dash-dotted line) for 
the observed two frequencies are shown in Fig. 2-11a. For the lower frequency of the 
dominant vibration mode, the oscillations of the pulley and the tension weight are similar 
in scale, while for the higher frequency of the secondary vibration mode, the tension weight 
oscillations dominate the system response. It is also evident in all plots that the contact 
instabilities (detachment events) excite the lower frequency vibration mode, whose 
magnitude grows in time.  
 
Figure 2-11. Wavelet scalograms of the angular velocity fluctuations obtained from 
(a) the experiment and (b) the numerical model for the driver pulley equipped with 
no, small and large flywheels. 
The scalograms document strong agreement between the numerical model and the 
experimental results, and clearly explain the time-dependent frequencies observed in the 
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experiment.  Both the model and the experiment demonstrate a frequency band between 
the low and high natural frequencies of the angular velocity fluctuations, which is 
associated with the contact instabilities in the experiment and with the excitation source 
s(t) in the numerical model. This band is characterized by a fundamental frequency and 
higher harmonics in the experiment, while the model exhibits only a fundamental 
frequency due to a simple excitation function encoded in Eqs. 2.4a and 2.4b. Despite these 
differences and an overall simplicity of the model, the theoretical results match closely the 
experiment, which provides strong evidence that contact instabilities driven by 
unmodulated external power are the primary source of the studied system’s self-oscillation. 
 
Figure 2-12. Wavelet scalograms of the angular velocity fluctuations obtained from 
(a) the experiment and (b) the numerical model for the driven pulley equipped with 
no, small and large flywheels. 
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As a final comparison, Figure 2-13 details the computational and experimental 
results obtained at the end of the 4th revolution of the pulley. Consistent with the results 
shown in Fig. 2-7c and 2-7d, the frequency and the amplitude of the computed angular 
velocity oscillation in both the driver and the driven cases decrease with increase in the 
system’s inertia, while the maximum discrepancy between the theory and the experiment 
is less than 10%. Thus, having a formal description of local contact instabilities, we can 
predict the global dynamic behavior of our belt-drive system. 
 
Figure 2-13. The frequency (a) and the amplitude (b) of the angular velocity 
oscillations obtained from the experiment and numerical model as a function of the 
relative pulley’s moment of inertia in the driver and driven cases. 
2.5 Concluding Remarks 
 To summarize, we highlight the key findings as follows: 
1. Under the slow speed considered, no sliding is observed at the belt/pulley interface, 
and relative displacement between the elastomeric belt and the pulley is achieved by means 
of cyclic detachment, which calls into question the universal validity of the sliding-based 
approach to analysis of the belt drive contact.  
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2. Contact instabilities take place in both the driver and driven pulleys, though the 
scale of these events is much larger in the first case, which renders the driver pulley as the 
main source of noise and vibration.  
3. The rolling contact mechanics is different in the driver and driven pulleys, which 
results in much different slip arc angles and calls into question the validity of the symmetric 
approach to analysis of the belt drive contact.  
4. Waves of detachment are observed in the driver pulley, while in the case of the 
driven pulley, the contact instabilities result from the combination of the pulley rotation 
and the adhesion hysteresis.  
5. A larger applied torque accelerates the occurrence of contact instabilities in the 
driver case, while all other studied system response quantities remain unaffected.  
6. Increasing the driving speed results in an increase in the frequencies of the contact 
instability occurence and the pulley’s angular velocity oscillations, while their amplitudes 
are essentially unaffected. The former suggests that as transmitted power increases, more 
power dissipates at the interface, as expected.  
7. Surprisingly, increasing the pulley’s inertia does not remediate the contact 
instabilities, but instead leads to more pronounced fluctuations in the belt tension.  
8. Crosschecking, we draw similar conclusions based on a simple dynamic model, 
which provides strong evidence that contact instabilities driven by unmodulated external 
power are the primary source of the system’s self-oscillation.  
9. To this end, our main conclusion is that contact instabilities and, hence, the 
resulting global system’s oscillation, most likely cannot be conditioned from outside and 
instead the main focus must be on the interface itself.  
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CHAPTER 3. BELT DRIVE MECHANICS 
 In this chapter, we present an experimental and theoretical investigation into 
frictional mechanics in a simple belt drive system. To estimate friction experimentally, we 
perform a thorough stress analysis based on spatio-temporal measurements of the belt 
tension, traction and contact area evolution. Subsequently, we develop a model taking into 
account both bulk and surface hysteretic losses for predicting friction in the absence of 
sliding, and we compare model predictions to experimental observations. 
3.1 Method and Means 
3.1.1 Apparatus and Operating Conditions 
The test set-up (Fig. 3-1) is slightly different from the one described in Chapter 2. 
The driving system includes a releasing motor and a driving dead weight, which are 
connected by an inextensible nylon cable wrapped around a pulley, thus constraining the 
pulley to rotate at a prescribed constant speed. The loading system consists of two 
adjustable tension weights to control the tension of the belt. Notably, the set-up acts as a 
driver pulley when the tension weight at the exiting span is smaller than that at the entering 
span of the belt; otherwise, it acts as a driven pulley. The measurement system contains 
two cameras. The monochrome digital camera DMK 23UP1300 mounted above the trailing 
(exit) side of the belt/pulley contact zone, records the contact evolution. A second digital 
camera (Huawei Honor 8, Shenzhen, China), mounted to the side of the pulley, is used to 
track the normal and shear strains along the belt/pulley interface. All measurements are 
synchronized based on the absolute time when the pulley starts to rotate. 
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Figure 3-1. The experimental apparatus: (a) schematic and (b) system as built. 
Limited by the strength of PDMS, we chose to work with a maximum allowable 
belt tension of 6 N. The tension on the slack span of the belt was adjusted to 2N. The 
driving speed and the travel distance of the belt were 3 mm s-1 and 300 mm (~5 revolutions 
of the pulley), respectively. Each test was repeated at least 10 times. The temperature and 
relative humidity in the laboratory were 20 °C and 10 %, respectively. 
3.1.2 Belt Specimen Preparation 
The belt specimens were produced by molding polydimethylsiloxane (PDMS, 
Sylgard 184, Dow Corning, Midland, MI), which is a transparent elastomer. A 10:1 mixture 
of Sylgard 184 pre-polymer and its cross-linker are cured for 14 h at 65 C against a flat 
smooth template. The storage and loss moduli of PDMS are shown in Fig. 3-2 as a function 
of loading frequency at room temperature [99], from which the shear modulus can be 
determined based on its Poisson’s ratio of about 0.5. To study the belt deformation while 
the system is in operation, evenly distributed tick marks with ~0.125 mm intervals were 
created on the belt sidewall during molding by using a custom template (Fig. 3-3). Finally, 
a belt specimen of 400 mm in length, 8 mm in width and 3 mm in thickness was cut from 
the mold. 
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Figure 3-2. Storage modulus E’ and loss modulus E” of PDMS obtained as a function 
of frequency at room temperature. 
 
Figure 3-3. (a) Deformed and (b) undeformed tick marks created on the belt sidewalls 
for shear strain measurements. 
3.2 Belt Deformation and Contact Behavior 
3.2.1 Spatial Characterization 
To analyze the belt-drive mechanics, we evaluate the shear strain, the longitudinal 
stretching strain, and the contact status of the belt as a function of position. An illustrative 
example of an instantaneous belt state is shown in Fig. 3-4. The shear strain is obtained by 
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is estimated based on the Poisson’s effect while using the measured transverse strain (the 
difference between the deformed and undeformed belt thickness divided by its undeformed 
thickness). The contact status is determined by the light interference at the belt/pulley 
interface. 
In the driver case, we analyze the instant at which a fold (the isolated non-contact 
region shown as a white strip in Fig. 3-4a) is formed at the exit zone. The distribution of 
shear (according to the usual sign convention, in our case, it is positive when the pulley 
drives the belt) and stretching strains correlates well with the contact area. The shear strains 
at the belt/pulley interface are observed from 25° to 85° and are zero elsewhere. Along the 
direction of the belt motion (see inset in Fig. 3-4a), the shear strain at the belt-pulley 
interface starts to develop gradually at 85°, then it grows dramatically from 52° to 40° and 
then it drops down to almost zero within the next 10°. Interestingly, the position of the 
maximum shear strain coincides with the right edge of the fold; hence, the fold and the 
region to its left is actually a relaxation zone, transmitting no tangential force regardless of 
whether this region is in contact or not. The variation of stretching strain takes place over 
a 30° arc immediately before the relaxation zone (yellow shade shown in Fig. 3-4a), where 
the shear strain maximum is also located. 
In the driven case (Fig. 3-4b), the belt shows a much more stable behavior than in 
the driver case, with larger contact area and no waves of detachment observed at the belt-
pulley interface. Similar to the driver case, the shear strains start building up close to the 
transition from the adhesion to the slip arc and then they relax abruptly when the belt 
detaches from the pulley. It is worth noting here that the detachment mechanisms for the 
two cases are different, with the balance between the traction and tension moments being 
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the reason of detachment in the driver case, and the combination of the pulley rotation and 
the adhesion hysteresis being the reason of detachment in the driven case. Although the 
shear strains (negative when the pulley is driven by the belt) are observed along a larger 
arc (from about 85° to 5°), their magnitude and peak width are much smaller than those in 
the driver case. Similar to the shear strains, the variation of the stretching strain (yellow 
shade shown in Fig. 3-4b) from the slack to the tight belt spans takes place over a smaller 
arc than that in the driver case. 
 
Figure 3-4. Instantaneous shear strain (solid line), stretching strain (dashed line), and 
the contact status (black area denotes contact) at the belt-pulley interface for (a) the 
driver and (b) the driven cases. 
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Interestingly, some negative shear is observed over a small region around the belt 
entry in both the driver and driven cases in the middle layer of the belt, which is visualized 
by an S-shaped geometry of tick marks (Fig. 3-5). Comparing one of the deformed tick 
marks to the reference radial lines (Fig. 3-5a), we see zero shear at the belt-pulley interface 
as well as in the outer layer of the belt, while an obvious shear is present in the middle layer 
of the belt. The explanation for this effect is that the outer layers of the belt have to 
accelerate in order to start moving with a higher tangential speed when the belt seats on the 
pulley. This acceleration is allowed by a gradual extension of the outer layers in a free span 
of the belt immediately prior to forming a contact with the pulley. Having different 
longitudinal extension along the belt thickness results in a longitudinal shear we observe 
in the transient zone of the belt/pulley engagement. 
 
Figure 3-5. The visualization (a) and the distribution (b) of the negative shear strain 
at the middle layer of the belt at the entry zone. 
To estimate mechanical losses due to rolling friction, we analyze free-body 
diagrams of the belt segment wrapped around the pulley in both the driver and the driven 
cases, as shown in Fig. 3-6. The sum of all moments around the pulley axis is zero as the 
distributed belt angular momentum does not change with time (steady operation). These 
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(tension) and shear forces together with moments that are applied at the free belt spans. 
The input moment needed to maintain rotational movement of the belt comes from the 
shear traction at the belt-pulley interface in the driver case, or from the normal (tension) 
force applied by the free belt spans in the driven case. The useful output moment results 
from the normal (tension) force applied by the free belt spans in the driver case, or from 
the shear traction at the interface in the driven case. All other moments sum to a cumulative 
moment that can be called the moment of rolling resistance, or the rolling friction moment. 
This cumulative moment is evaluated by substituting experimental data on the moment of 
shear traction and the moment of tension difference into the equation of moment 
equilibrium (M = 0). 
 
Figure 3-6. Free body diagrams of the belt segment in contact with (a) the driver and 
(b) the driven pulleys. FTT and FTS represent tension (normal) forces, FST and FSS 
represent shear forces, and MT and MS represent moments at the tight and slack spans 
of the belt, and tn and tt represent normal and tangential (shear) traction at the 
belt/pulley interface. 
Assuming a uniform shear strain distribution along the belt width, the total 
tangential traction can be estimated via integration of the shear strain multiplied by the 
shear modulus over the entire contact arc (see blue shades in Fig. 3-4). Due to the 
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driver and driven cases can be estimated as 0.51 and 0.52 MPa respectively from Fig. 3-2 
with the average frequency of various loading modes to which the belt is subject (more 
details on loading modes are discussed in Section 3.3.1). This results in moments due to 
the tangential (shear) traction forces about the pulley axis of 0.070 N·m (input) and -0.034 
N·m (useful output) for the driver and driven cases, respectively. The moment due to the 
difference in the tension forces is equal to -0.046 N·m in the driver case (representing the 
load/useful output when the pulley drives the belt) and to 0.047 N·m in the driven case 
(representing the power source/input when the pulley is driven by the belt). It is worth 
noting here that, in the driver case, the shear traction moment is responsible for driving the 
rotational motion of the belt, and thus its magnitude must exceed the tension moment 
magnitude if a resistance to rolling motion is present. In contrast, in the driven case, the 
tension moment drives the rotational motion, and thus its magnitude must be greater than 
the shear traction moment in the presence of rolling friction. Based on the moment 
equilibrium, the rolling friction moments are estimated to be -0.024 N·m and -0.013 N·m 
in the driver and driven cases, respectively. Interestingly, the rolling friction moment is 
much higher in the driver case; this results from the appearance of the waves of detachment 
that are characteristic for this case only and suggests that they represent a great energy sink. 
3.2.2 Temporal Characterization 
Since the contact state, as well as the contact instabilities (detachment events), 
develop in time, we herein conduct a spatio-temporal study on the shear traction and the 
contact evolution. A cluster of contact characteristics shown at different time frames is 
documented in Fig. 3-7 for both the driver and the driven cases. This figure highlights the 
formation, propagation and disappearance of detachment waves in the driver case. In 
      
 58 
contrast to Fig. 3-4, which is a sub-plot extracted from Fig. 3-7 (frame 82:48 for the driver 
pulley and frame 84:00 for the driven pulley), the negative shear strain for the driven pulley 
is presented as an absolute value. 
For the driver pulley, the shear and stretching strains change in accordance with the 
contact area evolution, with the detachment waves forming and disappearing. The shape of 
the shear distribution remains almost the same in time, while its peak moves back and forth 
together with the front of the adhesion zone, and the isolated re-formed contact region at 
the relaxation zone does not contribute much to traction. Studying the shear traction 
obtained via integration of the shear strains, we see that shear reaches a minimum when 
the belt is detached from the pulley at the relaxation zone (82:24, 83:00 and 83:48 in Fig. 
3-7a), and it reaches a maximum when the belt is in contact with the pulley in the relaxation 
zone (82:44 and 83:28 in Fig. 3-7a). Interestingly, the drop in stretching strain is also tied 
to the adhesion arc front, and it moves together with the shear strain peak. For the driven 
pulley, the shear strain peak and the stretching strain rise are also tied to the adhesion zone 
front, and hence their location does not change appreciably due to the less violent 
detachment mechanism operating there.  
Analyzing the time-related changes in the moments due to the tension difference 
and the shear traction, and the changes in the contact ratio (the ratio of the real contact area 
Ar, the area of a black zone, over the nominal contact area An, the area of a whole strip), we 
see a good correlation. This means that the detachment events affect both the tension 
difference and the shear traction. However, it is obvious that the fluctuations induced by 
the detachment events are much larger in the driver case, which is associated with a more 
violent character of the detachment waves that appear in this case only. 
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Figure 3-7. Plots of shear strain, stretching strain and contact area at the belt 
interface at several time frames as well as the correlation of corresponding tension 
difference, shear traction and contact ratio for both the (a) driver and (b) driven 
pulleys. 
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3.3 Analysis of Mechanical Losses 
 Energy can be dissipated as heat in the isolated belt mainly via two means: 1) 
viscoelastic deformation of the belt material and 2) detachment events at the belt-pulley 
interface. Both components are analyzed in this work to estimate the mechanical losses in 
both the driver and the driven cases. 
3.3.1 Volumetric Hysteresis Losses 
PDMS used as the belt material exhibits a viscoelastic behavior, leading to energy 
losses under cyclic loadings. The amount of energy lost in one complete cycle of 
loading/unloading is shown in Fig. 3-8 and it equals to ∮𝜎𝑑  [100]. The dissipated energy 
per unit volume 𝑊𝑉̅̅ ̅̅  can be approximated using the following formula: 
𝑊𝑉̅̅ ̅̅ = 𝜋𝐸" 𝑎
2 (3.1) 
where E" is the loss modulus of the belt material and εa is a given strain value for which 
the energy loss is calculated. The modulus of viscoelastic materials is generally expressed 
using the complex representation E=E’+iE”, where E’ and E” denote the storage and loss 
moduli of the material, respectively, while i is the imaginary unit, and both moduli are 
temperature- and frequency-dependent, E= E(f, T). 
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Figure 3-8. Energy dissipated by a viscoelastic material under cyclic loading. 
Figure 3-8 shows the case of cyclic loading under which the strain varies within an 
interval (-εa, εa). However, in our case, the strain varies from null to εa (the direction of the 






Silva et al. [43] developed a model to estimate the power losses due to hysteresis 
in poly-V belt transmissions. Herein, the model is modified to include adjustments for a 
flat belt and for the hysteresis due to the detachment events at the belt-pulley interface. 
Five modes of cyclic loading were considered: bending, stretching, radial compression, 
shear and detachment-induced fluctuations in stretching. According to Eq. 3.1, the specific 
loss modulus and strain needed to be determined for each loading mode. The loss modulus 
was obtained as a function of frequency from a database [99], while both the characteristic 
frequency and maximum strain values were estimated based on our tests in accord with the 
corresponding loading modes. The characteristic frequency f of each loading mode was 
























where V is the travelling velocity of the belt and L is the length over which this load is 
applied. 
Bending: The belt bends when it runs onto the pulley and straightens when it runs 
off the pulley. Hence, the transition regions, where the belt bending changes between none 
and final curvature, take place at the inlet and outlet of the belt rather than over the entire 
arc of contact. These transitions are associated with the arcs of approximately 10° at the 
low-tension span and 3° at the high-tension span. Based on beam theory, the bending strain 
εa_b is proportional to the distance from the neutral axis and the curvature of the neutral axis. 
For a homogeneous isotropic belt with rectangular cross section loaded in bending only 
(superposition assumption), the neutral axis is in the belt center as shown in Fig. 3-9. Hence, 





where t is the thickness of the undeformed belt, and y is the distance from the neutral axis 
(the bending-induced change in the belt thickness is neglected because the difference is 
small compared to the radius of the pulley). 
The bending-induced energy loss per unit belt length, WV_b, can be calculated via 
integration of Eq. 3.2 over the whole cross-sectional area 













where B denotes the belt width and E”(fb) is the loss modulus obtained for the bending 
frequency fb. 
 
Figure 3-9. Schematic of the bending strain of a certain segment of the belt in contact 
with the pulley. 
Stretching: Changes in stretching strain are visualized in Fig. 3-4 using yellow 
shades. These changes happen due to variation in tension 𝛥𝐹T. The stretching strain value 








where 𝐹𝑇T and 𝐹TS are the tight and slack belt span tensions around the pulley, and 𝐸ʹ𝐴 is 
the strain stiffness along the belt, with E’(fst) being the storage modulus in the longitudinal 
direction for the stretching frequency fst and A being its cross-sectional area. 

















2 𝐴 (3.7) 
where E”(fst) is the loss modulus obtained for the stretching frequency fst. 
Radial compression: The belt segment in contact with the pulley is subjected to 






where tn is the normal traction and 𝐸’rc is the storage modulus adjusted for radial 











where v denotes the Poisson’s ratio of the belt material. The normal traction tn, which is 
responsible for the radial compression-induced energy loss, is given as 
𝑡𝑛(𝜃) =
 𝐹𝑇(𝜃) − 𝐹𝐶
𝑅 ∙ 𝐵
 (3.10) 
where the tension force FT ranges from FTS to FTT, and FC denotes the centrifugal force 
(neglected here due to the small belt inertia). Although the belt is compressed radially along 
the whole contact with the pulley, the loading/unloading process is assumed to take place 
mostly where tension changes (yellow shaded region shown in Fig. 3-4). 
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2 𝐴 (3.11) 
where the maximum strain value εa_rc is used. 
Shear: As stated in Section 3.2.1, shear deformation at the belt/pulley interface was 
found in the belt exit zone only (see blue shaded region in Fig. 3-4). However, an additional 
small negative shear deformation was observed within the belt itself around the region of 
the belt engagement with the pulley in both the driver and driven cases (Fig. 3-5). This 
secondary shear zone appears as a result of the speed difference between the outer and 
inner layers of the belt when it seats on the pulley [23]. The two regions of shear strain 
contribute to the energy losses separately, since each of them forms a complete hysteresis 
cycle independently, and the maximum shear strains γa for both zones can be measured. 
Hence, the shear-induced energy loss per unit belt length at the entry zone, WV_sh_en, and at 












2  (3.12b) 
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where the subscripts ex and en denote the exit and entry zones, respectively, and 𝐺" is the 
shear loss modulus of the belt material, which can be obtained using the following formula 





Stretching fluctuation: Formation of the detachment waves at the exit zone results 
in relatively rapid fluctuations in stretching. Although the amplitude of the induced 
fluctuations in tension, 𝛥𝐹T_dw , is small, they can have considerable effect due to their high 





Then, the stretching fluctuation-induced energy loss per unit belt length, WV_dw, can 





2 𝐴 (3.15) 
where the frequency of the detachment waves fdw can be determined by analyzing the 
tension force data.  
Once all components of the energy loss per unit belt length have been defined, given 
that all dissipative forces except shear act at the middle layer of the belt in the direction of 
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the belt length, while the shear traction acts at the belt-pulley interface, the equivalent 
dissipative moment MV can be determined using the following equation, 
𝑀𝑉 =∑𝑟 ∙ 𝐹𝑉 = 𝑅 ∙ 𝑊𝑉_𝑠ℎ_𝑒𝑥 + (𝑅 +
𝑡
2
) ∙∑𝑊𝑉 (3.16) 
3.3.2 Surface Hysteresis Losses 
The energy dissipation due to an adhesion (surface) hysteresis is the difference 
between the energy spent during detachment and the energy gained during attachment. 
Detachment: The energy spent during detachment can be quantified by treating the 
detachment process as a fracture process taking place at the interface between two layers 
[63]. It is known that the energy required to create a unit area at the opening crack tip Hoc 
depends on the crack propagation speed and that it is larger than the work of adhesion H0, 
so 






where voc is the speed of the opening crack tip, v0 is a characteristic crack propagation speed 
and α is a constant; all related to the viscoelasticity of the material. 
Attachment: The energy gained during attachment can be quantified by treating the 
attachment process as a healing process between two layers [101]. However, despite being 
dependent on the crack propagation speed as well, the energy per unit area gained at the 
closing crack tip Hcc is generally smaller than the work of adhesion H0,  
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where vcc is the speed of the closing crack tip. 
To simplify our model, we treat the adhesion hysteresis as follows. In both the 
driver and driven cases, the belt attaches to and detaches from the pulley with speeds that 
are equal to the speeds of the belt motion on the tight and slack sides. This results in the 
adhesion energy being gained or spent when the contact is formed or lost, and it serves as 
one source of adhesion hysteresis. In addition to this (normal) detachment/attachment, the 
belt experiences a fast and violent contact rupture when a wave of detachment forms in the 
driver case. The total energy dissipated due to adhesion hysteresis can be obtained by the 
superposition of the two components. 
For the seating/unseating of the belt, to a first approximation, the associated speed 
of the opening and closing cracks is equal to the driving speed. However, finding the speed 
of the opening and closing cracks related to the detachment waves formed at the relaxation 
zone is much more difficult. To this end, we assume that (1) the edges of the contact area 
lost/gained due to detachment waves always propagate in the direction opposite to the belt 
motion, and that (2) the speed of the opening and closing cracks due to detachment waves, 






+ 𝑉 (3.19) 
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where ΔAc denotes the lost/gained contact area (positive when lost) between a specific 
frame and one frame after it, Δt denotes the corresponding time period, and the shape of 
the changed contact area is ignored to simplify the model. Since the contact area shown in 
Fig. 3-7 is imaged in the Eulerian frame of reference, the speed of the detachment waves 
with respect to the pulley is complemented by the driving speed V. Analyzing the 
propagation of the detachment waves, we associate positive speed with detachment and 
negative speed with attachment. 
The power dissipated due to the adhesion hysteresis, PS_ER and PS_EN for the driver 
and driven pulleys, respectively, can be computed as 





































] 𝐵𝑉, 𝑉𝑑𝑤 < 0.
 
(3.20a) 










] 𝐵𝑉. (3.20b) 
when the first term present in the driver case can be safely neglected in the driven case due 
to a less dramatic area fluctuation at the relaxation zone. Hence, given that the surface 
hysteresis losses happen at the belt-pulley interface, the equivalent dissipative moment 
MS_ER and MS_EN can then be computed as  































































] 𝐵𝑅. (3.21b) 
3.3.3 Model Verification 
 Based on the above modeling, the dissipative moments in both the driver and the 
driven cases are obtained for the parameters shown in Table 3-1, which are either 
prescribed for/measured from the test or taken from Ref. [102] (the latter ones are marked 
in grey in Table 3-1). The storage and loss moduli of PDMS, shown in Fig. 3-2 as a function 
of loading frequency at room temperature [99], are also used in the model calculations. 
The moments of rolling friction, which are estimated based on the moment 
equilibrium and computed based on the model described in Sections 3.3.1 and 3.3.2 when 
using the results shown in Figs. 3-4 and 3-5, are compared in Fig. 3-10. Yellow slices 
indicating the computed rolling friction are shown on top of the orange slices of the 
experimentally estimated rolling friction. A good match between them implies a reasonable 
prediction made by the model, with the relative errors for the computed rolling friction 
being equal to 17.4% and 13.8% for the driver and driven cases, respectively. 
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Table 3-1. Parameters used in the model. 
Nomenclature Value 
(Driver/Driven) Symbol Parameter 
FTS Tension at the slack span, N 2 
FTT Tension at the tight span, N 6 
R Radius of the pulley, mm 10 
ν Poisson’s ratio 0.499 
B Width of the belt, mm 8 
t Thickness of the belt, mm 3 
V Driving speed, mm s-1 3 
A Belt cross section area, mm2 24 
𝛾a_ex Max. shear strain at the exit zone (0.45/0.18) 
𝛾a_en Max. shear strain at the entry zone 0.16 
fdw Detachment wave frequency, Hz (1.43/1.33) 
𝛥𝐹T_dw Tension fluctuation, N (0.05/0.04) 
H0 Work of adhesion, mJ m-2 44 
v0 Characteristic crack speed, μm s-1 0.1 
α Exponent 0.33 
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Figure 3-10. Moments applied to the belt wrapped over (a) the driver and (b) the 
driven pulleys. 
Based on the effective match between the experimentally and theoretically obtained 
rolling friction, we can analyze the contributions of different energy sinks to the 
mechanical losses in the studied belt-drive. For both the driver and the driven cases, the 
volumetric hysteresis losses represent the greatest part of the energy losses, among which 
the shear- and stretching-induced losses dominate. It is worth noting that the surface 
hysteresis losses induced by the detachment waves play a significant role in rolling friction 
for the driver case, accounting for about 10% of the total losses. This result also supports 
our observation that a driver pulley generates more noise and vibration than a driven pulley. 
Thinking about practical applications and remediation of the problem, one may consider 
breaking edge-to-edge large-scale waves of detachment (Fig. 3-7) into small-scale events 
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by regular surface texturing (studied in Chapter 4), which was shown to reduce frictional 
fluctuations in sliding [89, 103] and may work similarly in rolling. Remarkably, some 
commercial belts that claim to “quiet” the belt during operation implement crosscuts on 
their contact side, which most likely represents a result of trial-and-error approach to 
solution of the problem. Our next work is devoted to the exploration and analysis of this 
topic. 
Interestingly, the temporal evolution of the experimentally obtained mechanical 
losses can be also explained/modeled using the above approach. Repeating the computation 
for each time frame shown in Fig. 3-7, the modeled shear traction moments are obtained in 
accord with the moment equilibrium by adding/subtracting the corresponding computed 
rolling friction moments to/from the moments generated by the tension difference. The 
results are presented in Fig. 3-11 along with the experimental data. Although further work 
is needed to verify the efficacy of this model at higher speeds, the agreement between the 
model and the experiment is good for both the driver and the driven cases under the slow 
speed considered. An underestimation of the rolling friction moment in both cases can be 
associated with the oversimplification of the adhesion hysteresis analysis and with the 
neglect of the belt deformation in the direction of its width. In addition, Fig. 3-11 appears 
to be instrumental in demonstrating that the tension difference does not match the frictional 
forces (in contrast to a widely accepted misconception that can be traced back to the belt 
creep theory, as stated in [13]), and that the power is transmitted by the shear traction and 
is dissipated by the rolling friction. 
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Figure 3-11. Comparison between the experimental and computational results for the 
evolution of the moments acting on the belt in the driver and driven cases. Black solid 
squares for both pulleys denote the specific frames extracted for the detailed plots 
shown in Fig. 24. 
3.4 Concluding Remarks 
To summarize, we highlight the key findings as follows: 
1. The measured distribution of the shear strain at the belt-pulley interface shows a 
significant difference between the driver and the driven pulleys due to a unidirectional flow 
of power, while mechanical losses are much higher in the driver case.  
2. The shear strains drop at the transition from the adhesion arc to the slip arc, and, in 
contrast to both the elastic creep and the belt shear theories, the slip arc practically does 
not contribute to power transmission (at least in the studied case). 
3.  Additionally, our model reveals that the contact area evolution correlates to the 
shear traction changes, and that the shear- and stretching-induced energy losses dominate 
in rolling friction for both the driver and driven cases. A significant contribution of the 
waves of detachment to the energy dissipation explains much higher mechanical losses in 
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CHAPTER 4. SURFACE TEXTURING  
Detachment waves may change due to the presence of asperities on elastomeric 
surfaces, which changes the shear stiffness of the surface. After knowing the detachment 
waves are related to the shear accumulation, adding artificial asperities to belt surface by 
texturing may help change the shear accumulation and reduce the detachment waves. 
Compared to a textured belt, a textured pulley is harder to fabricate and less effective in 
that the belt may be squeezed into the gaps between patterns. In this chapter, we explore 
the possibility of minimizing self-oscillations associated with detachment waves via 
texturing of the belt contact surface. In so doing, we answer the question of whether regular 
surface patterns known to reduce detachment waves in sliding [89, 103] can be also 
employed in rolling, and we compare their performance to that of irregular surface textures. 
Even though the belt drive is under low-speed operation in this study, the conclusion is 
assumed to be valid for rolling at high speeds since the mechanism for minimizing contact 
instabilities via texturing is agnostic to speed. 
4.1 Method and Means 
4.1.1 Apparatus and Operating Conditions 
A custom-built tribometer used in this study is described in Chapter 2. Similar to 
our previous studies, the driving speed was set to 3 mm s-1 and the tension at the tight and 
slack sides of the belt was adjusted to 6 N and 2 N, respectively. The travel distance of the 
driving stage was 300 mm. The temperature and relative humidity in the laboratory during 
the tests were 23°C and 35%, respectively. All statistical tests were performed using one-
      
 76 
way ANOVA (all pairwise multiple comparison procedures (Holm–Sidak method), overall 
significance level 0.05) in the ORIGIN software package (OriginLab Corporation, 
Northampton, MA). 
4.1.2 Belt Specimen Preparation 
The belt specimens were made out of a transparent polydimethylsiloxane (PDMS, 
Sylgard 184, Dow Corning, Midland, MI) elastomer at a 10:1 mixture ratio of Sylgard 184 
pre-polymer and its cross-linker. The mixture was cured in light vacuum (to ensure no air 
bubbles trapped inside the belt) for 14 h at 65 C in negative molding templates prepared 
using a four-step molding technique (Fig. 4-1) [104] to replicate the topography of either 
regularly or irregularly textured surfaces (Fig. 4-2). Use of three additional materials (PU, 
PVS and Epoxy, see Fig. 4-1) was required to ensure clean demolding since none of these 
materials can be easily separated from both the replicated surfaces and PDMS.  The 
textured belts were 400 mm in length, 3 mm in thickness, and 10 mm in width, while the 
reference flat belt was 7 mm wide to ensure similar apparent contact areas. 
 
Figure 4-1. Schematic of transferring texture from an original surface onto a PDMS 
belt. 
The replicated surfaces with regular topography (Fig. 4-2a-d) were 3D-printed out 
of Formlabs Clear Resin (Formlabs, Somerville, MA) to have hexagonal and square 
projections with height h, size D, and lattice constant a. These projections were polished 
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surface roughness Ra of less than 150 nm. Based on our previous studies on the size effects 
of regular topography [81, 89], all patterned surfaces shared the same area density, AD = 
(D/a)2 ≈ 70% (chosen to have good grip, while still being able to fabricate gaps between 
smallest texture elements), while the examined parameters were the lattice constant, a = 
0.6, 1, 3 mm, the aspect ratio, AR = h/D = 0.1, 0.2, 0.3, 0.4, 0.5, and the pattern shape and 
orientation (Fig. 4-2a-d). 
 
Figure 4-2. Schematic and optical microscopy images of replicated surfaces with 
regular and irregular topography. (a)-(d) 3D-printed hexagonal and square patterns. 
Arrows in the direction of rolling. (e) 3D-printed and polished surface. (f)-(h) 1200, 
150 and 80 grit abrasive paper sheets, respectively. 
The replicated surfaces with irregular topography (Fig. 4-2f-h) were SiC abrasive 
paper sheets of 2000, 1200, 800, 400, 200, 150, and 80 grit (Struers, Cleveland, OH; Lot 
Fancy Inc, San Francisco, CA). The surface profiles of abrasive papers were characterized 
using a Hommel Etamic W5 profiler (Jenoptik AG, Jena, Germany). 
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The raw measurements of the difference in the belt tension and the pulley angular 
velocity obtained for the flat (reference) and hexagonally patterned belts in the driver case 
are plotted in Fig. 4-3 along with the characteristic images of the contact area. The effect 
of regular surface texture is obvious. With the reference flat belt, the self-oscillation of the 
pulley, which is generated due to contact instabilities and induces large-scale fluctuations 
in the belt tension difference (Fig. 4-3a), is so powerful that the pulley periodically halts, 
as follows from inspection of the angular velocity signal. When the patterned belt is used, 
the pulley rotates much more steadily, and only subtle fluctuations are observed around the 
prescribed angular velocity (~0.3 rad s-1), which reflects also on the fluctuations in the belt 
tension (Fig. 4-3b). Looking at the evolution of the contact area, which visualizes the 
source of system instabilities, we can also clearly see the difference in the behavior of the 
flat and patterned belts. First, the size of the detachment zone is greatly reduced (from ~7 
mm to ~0.5 mm) when a regular surface pattern is introduced. Second, the characteristic 
surface folds representing waves of detachment (isolated air-pockets within the contact 
area, such as the one seen on image 3 in Fig. 4-3a) are barely distinguishable for the 
patterned belt. 
Detachment waves in the driver pulley case appear due to a shear-induced moment 
generated at the belt exit region. When the belt surface is split into multiple disconnected 
and independent sub-contacts via patterning, its stiffness is reduced such that a much 
smaller moment is needed to start detachment. To this end, since the shear-induced moment 
grows until it is relaxed by detachment, the detachment waves also have a smaller scale 
and are formed more often, leading to less violent excitation of the system. In light of this 
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rationalization, we may expect to be able to minimize the self-oscillation of the belt drive 
system by modifying the geometrical characteristics of the independent contact elements. 
 
 
Figure 4-3. Tension difference and angular velocity measured on (a) reference flat 
belt and (b) hexagonally patterned (a = 1 mm, AR = 0.2) belt, and characteristic 
sequences of images representing evolution of the contact area (shown in black) in the 
driver case. 
4.2.1 Effects of Shape and Orientation 
Hexagon- and square-shaped patterns orientated differently with respect to the 
rolling direction (H1, H2, S1 and S2, as shown in Fig. 4-2) were tested and compared with 
the reference flat belt in terms of the frequency and amplitude of the belt and pulley 
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were decomposed into small-scale and large-scale components associated with pulley 
motion and detachment events, respectively. Given that the characteristics of the pulley 
motion-related oscillations in the belt tension difference resemble those of the oscillations 
in the pulley angular velocity shown also in Fig. 4-3, only the detachment event-related 
oscillations in the belt tension difference are presented. The second order oscillations in the 
pulley angular velocity that correspond to detachment events are also not shown as they 
are similar to those in the tension difference signal.  
Figure 4-4 demonstrates similar oscillation characteristics for all patterned belts 
regardless of the pattern shape and orientation in both the driver and driven cases, and no 
statistically significant difference between these patterns is observed either. This 
observation supports our hypothesis regarding the core mechanism of the disruption of 
detachment waves — the reduction of surface stiffness is independent of the pattern type 
(to a first approximation), so the belt can detach from the pulley more easily as long as its 
surface is split, while the shape and orientation of the contact patches are not important. 
This finding allows us to use just one representative shape, and the pattern H1 is chosen 
for the following study. 
The effect of patterning, however, is different for the driver and driven cases. For 
the driver pulley, the amplitude of both types of oscillation is reduced by a factor of 
approximately 3, and the frequency is increased by a factor of approximately 1.5, while for 
the driven pulley, the observed effect is much weaker. This is explained by the difference 
in the mechanism of detachment. In the former case, the detachment is shear-driven, and 
surface conditions are vital, while in the latter case, it is stretch-driven, and the surface 
conditions are less decisive, as volume effects dominate. Another important observation is 
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that the oscillations in the driver case become even less pronounced than those in the driven 
case when the belt surface is textured. 
 
 
Figure 4-4. The effect of the pattern shape and orientation on frequency. f, and 
amplitude, A, of the fluctuations in the tension difference, T, (a), (b), respectively, and 
in the angular pulley velocity, α, (c), (d), respectively, in both the driver and driven 
cases. The fluctuations in the tension difference presented here correspond to 
detachment events only. All patterns share the same lattice constant and aspect ratio 
(a = 1 mm, AR = 0.2). The error bars show standard deviations. 
4.2.2 Effect of Lattice Constant 
Decreasing the lattice constant (i.e., increasing the number of individual sub-
contacts per unit area) does show a small measurable effect, though no statistically 
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driven cases (Fig. 4-5). This agrees with observations made in other studies where the most 
significant effect is achieved during initial contact splitting, while further minimization of 
vibrations requires increasing the number of individual sub-contacts by several orders of 
magnitude [89], which may be considered impractical. Given that we were limited by the 
resolution of 3D printing in preparing the molding templates, our finest pattern was based 
on the lattice constant of 0.6 mm, which results in just 25 times more individual sub-
contacts than in the case of our coarsest pattern with the lattice constant of 3 mm. Evidently, 
this change is not strong enough. 
 
Figure 4-5. The effect of lattice constant on frequency, f, and amplitude, A, of the 
fluctuations in the tension difference, T, (a), (b), respectively, and in the angular 
pulley velocity, α, (c), (d), respectively, in both the driver and driven cases. The 
fluctuations in the tension difference presented here correspond to detachment events 
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4.2.3 Effect of Aspect Ratio 
The aspect ratio of the hexagonally shaped projections is next varied from 0.1 to 
0.5. Increasing the aspect ratio from 0.1 to 0.4 led to an increase in frequency and to a 
decrease in amplitude of the oscillations in both the belt tension difference and the pulley 
angular velocity, as shown in Fig. 4-6. However, a statistically significant effect of aspect 
ratio was observed only in the driver pulley case, which results from the difference in the 
mechanisms of detachment in the driver and driven cases as discussed above. Interestingly, 
the belt patterned to have an aspect ratio of 0.5 was incapable of carrying the prescribed 
torque in either the driver or the driven pulley. These observations are explained in the 
following way.  
 
Figure 4-6. The effect of aspect ratio on frequency, f, and amplitude, A, of the 
fluctuations in the tension difference, T, (a), (b), respectively, and in the angular 
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fluctuations in the tension difference presented here correspond to detachment events 
only. All patterns share the same lattice constant (a = 1 mm). The error bars show 
standard deviations. 
As the aspect ratio increases, the bending stiffness of the hexagonal projections is 
reduced. As a result, these projections bend more easily under shear traction. 
Correspondingly, since the threshold for the formation of detachment waves is easier to 
reach, the detachment events initiated by the shear-induced moment in the driver case occur 
more frequently and have smaller range. However, with large enough aspect ratio, the 
projections bend to such a degree that their flat ends lose contact with the pulley [81] 
regardless of the shear direction. This leads to a great reduction in the real contact area and 
in the ability to resist shear. The so-called “slip” zone then grows until it consumes the 
entire belt-pulley interface in both the driver (Fig. 4-7) and the driven cases. At this 
moment, a global displacement between the pulley and the belt is established, and no 
further power can be transmitted. The resolution of our imaging system does not enable us 
to say whether bent hexagonal projections truly slide, or small-scale detachment waves 
allow for relative motion in the slip zone, but in any event they can move independently, 
and the scale of global belt drive oscillations is reduced due to scattering of local “slip” 
events over time and space [89]. 
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Figure 4-7. Evolution of the patterned contact area (shown in black) obtained in the 
driver case with a camera installed at different angular orientations. (a) AR = 0.4, 
torque is transmitted. (b) AR = 0.5, torque is not transmitted. Hatched areas represent 
the regions out of view. 
4.3 Irregular Topography 
 Given that the aspect ratio of regular topography was found to be the dominant 
parameter affecting the belt drive oscillations, to study the effect of irregular surface 
topography, we have constructed a similar ratio of vertical and horizontal profile 
characteristics, Ra/Sm, where Ra and Sm are the standard roughness average and the mean 
spacing of profile irregularities, respectively. In this way, the effects of regular and irregular 
surface topography on the oscillation characteristics of textured belts can be plotted in one 
figure. Notably, similar to the regularly textured belts, the belts with irregular surface 
topography could not transmit the prescribed torque when the roughness ratio was too high 
(Ra/Sm ≈ 0.041, for the belt cast against the roughest abrasive sheet of 80 grit). This allowed 
us to scale the horizontal axes of Aspect Ratio and Ra/Sm such that the data could be 
conveniently compared as shown in Fig. 4-9 – i.e., the far right-end of the Ra/Sm (bottom 
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horizontal axis; irregular textures) and Aspect Ratio (top horizontal axis; regular textures) 
domains both correspond to gross slip. 
Studying the self-oscillation behavior of the irregularly textured belts, we see that 
it resembles that of the belts with regular topography, while the observed effects are 
generally weaker (Fig. 4-8). Most likely, this is because surface irregularities on rough belts 
have smaller contact area and less bending compliance than surface projections on 
regularly patterned belts, making the effect of texturing less pronounced. Further, while 
maintaining statistically indistinguishable values in the driven case, in the driver case the 
frequencies and amplitudes of the oscillations related to both the detachment events and 
the angular velocity signal change significantly as Ra/Sm increases up to 0.02 and then 
remain constant for larger values of Ra/Sm. This can possibly be related to the irregularly 
patterned belt surfaces having random shapes, sizes and distribution of asperities, so other 
characteristics can change simultaneously with the aspect ratio of surface asperities and 
lead to deviation from the expected effect of the aspect ratio alone. 
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Figure 4-8. Comparison of the effects of surface roughness (irregular topography) 
and aspect ratio (regular topography) on frequency, f, and amplitude, A, of the 
fluctuations in the tension difference, T, (a), (b), respectively, and in the angular 
pulley velocity, α, (c), (d), respectively, in both the driver and driven cases. The 
fluctuations in the tension difference presented here correspond to detachment events 
only. The error bars show standard deviations. 
In general, the similarity between the effects of regular and irregular surface 
texturing validates our hypothesis that splitting the contact area into disconnected sub-
contacts helps minimizing detachment wave-induced oscillations in rolling. The regular 
surface texturing, however, has an advantage over the irregular surface texturing since the 
system’s self-oscillations can be minimized to a greater extent, and both the driver and the 
driven rolling can be improved. 
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4.4 Concluding Remarks 
The results obtained in this work allow us to draw the following conclusions: 
1. Surface texturing can be successfully employed for minimizing local contact 
instabilities and global self-oscillations in belt drive systems, and the effect is much more 
pronounced in the driver case than in the driven case due to different mechanisms for 
formation of detachment waves. 
2. Both regular and irregular surface topographies are useful in minimizing the belt 
drive vibrations, but regular surface textures provide a stronger effect. 
3. The aspect ratio of surface projections is found to be the most important parameter, 
and the lattice constant is found to be marginally effective, while the pattern shape and 
orientation show no effect at all on the belt drive performance.  
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CHAPTER 5. TENSILE CORDS 
 In this chapter, we present an experimental and theoretical study on the effects of 
belt cord inclusion on contact instabilities and frictional mechanics in a simple belt-drive 
system. The detachment waves are first examined, and the related system oscillations are 
studied and compared with those for the regular flat belt, a patterned belt and a patterned 
belt with tensile cords. The shear traction at the belt-pulley interface is then measured and 
compared with the Firbank shear model[13]. Lastly, frictional losses in the system for the 
belt with tensile cords are estimated via combination of experimental observations and a 
theoretical model.  
5.1 Method and Means 
5.1.1 Apparatus and Operating Conditions 
The setup employed herein was configured with either speed control of the exiting 
span of the belt (Fig. 5-1a) or of the pulley (Fig. 5-1b). The former configuration enables 
study of pulley rotational oscillations excited by detachment events at the belt-pulley 
interface (the one used in Chapters 2 and 4); the latter configuration eliminates pulley 
oscillations, clarifying study of detachment waves (the one used in Chapter 3). Notably, in 
Fig. 5-1a, reversing the direction of the torque allows us to switch between the driver (solid 
lines) and driven cases (dashed line), and in Fig. 5-1b, the switch between the two cases 
can be achieved via adjusting the two tension weights.  
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Figure 5-1. Schematics of the experimental apparatus with constant speed applied to 
(a) the exiting side of the belt and (b) the pulley. 
Limited by the strength of the belt without cords (also referred as the reference belt 
herein), we choose to work with a maximum allowable belt tension of 6 N. The tension 
difference between the two spans of the belts is adjusted to 4 N. The driving speed and the 
travel distance of the belt are 3 mm s-1 and 300 mm (~5 revolutions of the pulley), 
respectively. Each test is repeated at least 10 times. The temperature and relative humidity 
in the laboratory were 20 °C and 10 %, respectively. 
5.1.2 Belt Specimen Preparation  
We fabricated the belt specimens using PDMS and also molded evenly distributed 
tick marks with ~0.125 mm intervals to the belt sidewall for the shear measurement (details 
can be found in Section 3.1.2). Finally, we cut a reference flat belt specimen of 400 mm in 
length, 8 mm in width and 3 mm in thickness from the molded form.  
We fabricated flat belts with tension members by following the same process except 
that four cotton cords were placed on the template with 3 mm intervals under 0.1 N pre-
tension before molding. The cured belts with tensile cords were then cut as designed in Fig. 
2 with 400 mm in length. Additionally, a patterned belt with tensile cords (right one in Fig. 
5-2c) was produced via a four-step molding technique replicating the topography of 
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regularly textured example surfaces (details can be found in Section 4.1.2). The patterned 
surface has an area density of AD = (D/a)2 ≈ 70% where a = 1 mm denotes the lattice 
constant and D denotes the diameter of the inscribed circle, and the aspect ratio, AR = h/D 
= 0.2 where h denotes the height of the projections (Fig. 5-2b). The four cotton cords are 
placed 2.75 mm above the patterned mold before the last molding. 
 
Figure 5-2. Design of the belt with tensile cords with the (a) cross-section drawing 
(unit: mm) and (b) schematic of the patterns for patterned belts with tension cords, 
and (c) picture of the as-molded belts. 
5.2 Contact Instabilities and Self-Oscillations 
Figure 5-3 plots the time-history of the tension difference between the two spans of 
the belt, and the pulley angular velocity, both measured using a corded belt for the driver 
and driven cases. The figure also provides images capturing time-evolution of the contact 
area. Similar to previous studies using reference flat belts in Chapters 2 and 3, the relative 
displacement between the corded belt and the pulley is achieved by means of cyclic 
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pronounced detachment events in the driver case than in the driven case. They are 
manifested by isolated folds such as the one shown in image 3 of Fig. 5-3a, where the black 
region denotes contact area; such folds are missing in the driven case. Formation of these 
folds confirms the persistence of detachment waves also in belts with a composite cross-
section, and adds to the evidence that such events are a ubiquitous feature of tension 
transition in belt-drives operating at low speed. 
 
Figure 5-3. Tension difference and angular velocity measured using a belt with tensile 
cords, and characteristic sequences of images representing time-evolution of the 
contact area (shown in black) in (a) the driver case and (b) the driven case. 
In order to characterize the effect tensile cords have on the character of the observed 
detachment events, the same tests as those described above have been conducted on a 
regular flat belt (Ref), a hexagonally patterned belt (Pattern), a regular belt with tensile 
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effects are documented in Fig. 5-4 based on the frequency and amplitude of oscillations in 
the tension difference and pulley angular velocity. Although the tension difference 
fluctuations are affected by both the contact instabilities and the pulley oscillations, as 
shown in Fig. 5-3, we can extract frequency and amplitude information of only detachment 
events (Fig. 5-4a,b) using a wavelet decomposition. For the pulley rotational oscillations, 
we simply apply a Fast Fourier Transformation (FFT) to the angular velocity signal to 
obtain the corresponding frequencies and amplitudes (Fig. 5-4c,d).  
 
Figure 5-4. Frequency and amplitude of fluctuations in (a)-(b) tension difference and 
(c)-(d) angular velocity as a function of belt type for both the driver and driven cases. 
The fluctuations in the tension difference presented here correspond to detachment 
events only. 
When comparing the belt with tension cords (Fig. 5-3) and the reference belt, we 
find that the presence of the belt cords results in steadier pulley rotations with only subtle 
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driver and driven cases have higher frequencies (Fig. 5-4c), but smaller amplitudes (Fig. 
5-4d). These trends can be expected due to the significant increase in the belt stiffness 
provided by cords, which should act to increase oscillation frequencies and decrease 
deformations. In addition, the belt contact instabilities affect pulley rotation leading to a 
self-oscillation, as discussed in Section 2.2; i.e., the local contact instabilities serve as an 
excitation source for the pulley rotational response, which, in turn, stores a periodic tension 
pattern in the belt, further destabilizing the pulley rotation. The detachment waves, which 
cause the self-oscillation of the pulley, take place more frequently in a corded belt as 
compared to a regular flat belt (Fig. 5-4a). On the other hand, the corded belt, limited by 
the tension cords, can detach from the pulley to a smaller extent compared to a regular flat 
belt, leading to a decrease in the corresponding amplitude (Fig. 5-4b). This effect is not 
pronounced in the driven case since the detachment events happen mainly due to peeling, 
which is weakly affected by the presence of tension cords. 
When we pattern the contact surface of the belt with tension cords, we expect to 
see additional benefits associated with disruption of the contact surface, as reported in 
Chapter 4. An important question then arises: does the combination of surface patterning 
and inclusion of tension cords eliminate contact and rotational instabilities? As documented 
in Fig. 5-4, the detachment events and pulley oscillations persist on a corded belt with 
patterns, confirming again their ubiquitous nature. However, the amplitudes of the contact 
and rotational instabilities (Figs. 5-4b and 5-4d) are minimized by the combination, while 
a small decrease in frequency for both can be noted (Figs. 5-4a and 5-4c). 
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5.3 Belt Drive Mechanics 
5.3.1 Shear Traction 
The presence of tensile cords in the belt results in a significant difference in the 
belt-drive mechanics, especially for the shear traction along the belt-pulley interface. Shear 
traction develops and accumulates in the belt from the start of the contact arc due to the 
speed gradient between the tension member and belt-pulley interface, as described first by 
Firbank [13]. Herein, we evaluate the shear strain along with the contact status of the belt 
as a function of position for the corded belt. The shear strain is obtained by quantifying the 
deformation using visual observation of the tick marks. The contact status is determined 
by the light interference at the belt/pulley interface. Unlike Chapter 3, the measurement of 
the longitudinal stretching strain is not feasible since the stretching strain is significantly 
smaller due to the larger stiffness of the composite belt. 
In the driver case, the distribution of shear strain is correlated with the contact area 
at the instance when a fold (non-contact region in white separating two contact regions) is 
formed at the exit zone (Fig. 5-5a). The shear traction is defined as positive when the pulley 
drives the belt (the driver pulley). Along the direction of belt motion, as shown in the small 
schematic in Fig. 5-5b, the shear strain at the belt-pulley interface develops gradually from 
180° (entry) to 62°, and then grows dramatically up to its peak from 62° to 37°, and then 
finally drops down to zero within 10°. Compared with a regular flat belt, the gradual growth 
of shear (180° to 62°) is unique to the corded belt, which, we believe, is due to the speed 
gradient in the belt. It is notable that the position of the maximum shear strain coincides 
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with the right edge of the fold; hence, the fold and the region to its left is a relaxation zone, 
carrying no traction regardless of whether this region is in contact or not.  
 
Figure 5-5. Comparison between the measurement of the shear strain at the corded 
belt–pulley interface (black area denotes contact) and the prediction by the Firbank 
model for both the (a) driver and (b) driven pulleys. 
In the driven case, the belt transmits tension smoother than in the driver case, with 
no detachment waves at the belt-pulley interface. The contact area in the driven case is 
larger than that in the driver case, but the magnitude of the shear strain in the driven case 
is smaller than that in the driver case. The shear strain in the driven case is negative, 
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indicating that the belt drives the pulley. The shear strain develops gradually due to the 
speed gradient in the belt from entry until relaxation at around 10°. 
Our experimental results for shear strain distribution are next compared with 
predictions by the Firbank model, which was proposed for belts with tension members. 
According to the Firbank model [13], the shear strain γ in the adhesion arc as a function of 
the angle θ measured from the entry point obeys 










The first term in the expression represents the shear strain due to the speed 
differential between the pulley envelope and tension members. 𝑅 denotes the pulley radius, 
and 𝑘  the speed differential factor, 𝑘 =
𝑉𝑐𝑜𝑟𝑑−𝑉
𝑉
. Here, 𝑉𝑐𝑜𝑟𝑑 = (𝑅 + 𝑡) ∙ 𝜔𝑝𝑢𝑙𝑙𝑒𝑦  is the 
cord speed at the entry point and 𝑉 = 𝑅 ∙ 𝜔𝑝𝑢𝑙𝑙𝑒𝑦 , where 𝜔𝑝𝑢𝑙𝑙𝑒𝑦  denotes the angular 
velocity of the pulley. The second term represents the shear strain due to the 
contraction/extension of the belt, with Δ𝐹𝑇(𝜃) denoting the tension drop/rise along arc 𝜃, 
which can be estimated by the tension distribution formula developed by Firbank [105] 
(driver pulley, Eq. 5.2a; driven pulley, Eq. 5.2b), 
𝐹𝑇(𝜃)
𝐹𝑇𝑆




cosh 𝜆(𝜋 − 𝛽) − cosh 𝜆𝜃
sinh 𝜆(𝜋 − 𝛽)
]} , 0 ≤ 𝜃 ≤ 𝜋 − 𝛽, 
𝐹𝑇(𝜃)
𝐹𝑇𝑆
= 𝑒𝜇𝑘(𝜋−𝜃), 𝜋 − 𝛽 ≤ 𝜃 ≤ 𝜋. 
(5.2a) 
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𝑒𝜇𝑘(𝜃−𝜋+𝛽), 𝜋 − 𝛽 ≤ 𝜃 ≤ 𝜋. 
(5.2b) 
where 𝜇𝑠 and 𝜇𝑘 are static and kinetic friction coefficients (both are set to be 1.3 for our 
system based on Ref. [106]), and 𝜆 = √
𝐺𝐵𝑅2
𝑡𝐸𝑡𝐴𝑡
 is a parameter related to the geometry and 
material properties of the belt (provided in Section 5.3.2 and Table 5-1). Here, the slip arc 
angle, β, can be computed iteratively: β is varied until the ratio between the tension in the 
slack and tight spans of the belt, FTS and FTT, respectively, from Eq. 5.2 matches the ratio 
as prescribed during the experiment. Then, the shear strain distribution in the adhesion arc 
can be estimated using Eq. 5.1. The shear strain in the slip arc is obtained by computing 
the sliding friction per unit area via Coulomb’s friction law (by multiplying the normal 
force per unit area, 
𝐹𝑇(𝜃)
𝑅𝐵
, by the kinetic friction coefficient 𝜇𝑘) and then converting the 



















𝑒𝜇𝑘(𝜃−𝜋+𝛽), 𝜋 − 𝛽 ≤ 𝜃 ≤ 𝜋. (5.3b) 
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Note that Eqs. 5.1 and 5.3 determine the shear strain from the entry point to exit 
point, which requires a change of the angular coordinate, 𝜃 → 𝜋 − 𝜃, to compare directly 
with the experimental results. 
The predicted shear strain for both the driver and the driven cases obtained using 
the Firbank model is plotted by dashed blue lines in Fig. 5-5. The most obvious difference 
between the experimental and theoretical results lies in the exit region. In the experiment, 
there is a significant accumulation of the shear traction followed by a rapid relaxation via 
detachment waves. The Firbank model fails to predict this relaxation. Instead, the exit 
region in the Firbank model is governed by Coulomb’s friction law when the shear traction 
reaches the maximum static friction. In addition, the shear traction at the exit point 
predicted by the Firbank model is non-zero, which violates compatibility since the shear 
strain must be zero in the spans immediately next to the exit region. Nevertheless, the 
Firbank model makes decent predictions of the shear distribution in the adhesion arc for 
both cases, although there is more apparent conflict with the experimentally-obtained 
results in the driver case. This deviation results from the Firbank model’s inaccurate 
estimation in the relaxation region, which influences the shear distribution in the adhesion 
region. 
5.3.2 Mechanical Losses 
Following the measurement of shear traction at the belt-pulley interface, we can 
estimate the mechanical losses due to rolling friction for corded belts according to the 
approach outlined in Chapter 3. For the belt segment in contact with the pulley, the sum of 
all moments about the pulley axis is zero due to conservation of angular momentum. These 
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moments include ones due to tension forces (concentrated on tension cords to a first 
approximation), shear traction at the belt-pulley interface (integration of shear strain over 
the contact arc multiplied with the shear modulus), and shear and tension forces together 
with moments applied at the free belt spans. As measured and computed (see Table 5-1), 
the moment due to the tangential (shear) traction forces about the pulley axis equals to 57.5 
N·mm in the driver case (representing the power source/input when the pulley drives the 
belt) and to -43.7 N·mm in the driven case (representing the load/useful output when the 
pulley is driven by the belt). The moment due to the difference in the tension forces are -
49.5 N·mm (useful output) and 48.3 N·mm (input) for the driver and driven cases, 
respectively. Notably, the moment due to the difference in tension forces is larger than that 
of a regular flat belt under the same loading condition since the tension forces in the 
composite belt, concentrated at the tension member, possess larger moment arms about the 
pulley axis. Based on the moment equilibrium, the rolling friction moments are estimated 
to be -8.0 N·mm and -4.6 N·mm in the driver and driven cases, respectively. The rolling 
friction moment is much higher in the driver case due to the appearance of detachment 
waves. 
The rolling friction for a corded belt is quite small for both the driver and the driven 
case (Fig. 5-6a) compared with the rolling friction for a reference belt. A further calculation 
based on our model predicting the rolling friction can explain this behavior quite well. In 
the model, the mechanical losses result from both the viscoelastic deformation of the belt 
material and the detachment events at the belt-pulley interface. The viscoelastic 
deformation is due to five different types of cyclic loadings, including bending, stretching, 
radial compression, shear, and stretching fluctuation. The energy dissipation due to 
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detachment events is the difference between the energy spent during detachment and the 
energy gained during attachment. Here, the detachment/attachment hysteresis is treated as 
the fracture/healing process between two layers for the calculation of the associated 
spent/gained energy [63, 101]. The details about this model are provided in Chapter 3. The 
parameters needed for the calculation can be found either in Table 5-1 or in [102, 107]. 
 
Figure 5-6. Moments applied to the belt wrapped over the driver and the driven 
pulleys. (a) Experimental data. (b) Model of rolling friction. 
The rolling friction in the belt with tensile cords is mostly due to cyclic shear and 
bending, and for the driver case, there is an additional contribution from adhesion (Fig. 5-
6b). Compared with the regular flat belt case (Ref), the contribution from cyclic stretching 
is absent and the rolling friction moment due to shear is much smaller. As a result, the 
rolling friction in the belt with tensile cords is much smaller. The contribution from shear 
is small here since the maximum shear strain and the frequency of the cyclic variation of 
shear deformation are both smaller than those in the reference belt. 
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Table 5-1. Model parameters. 
Nomenclature Value 
(Driver/Driven) Symbol Parameter 
FTS Tension at the slack span, N 2 
FTT Tension at the tight span, N 6 
G Shear modulus of the belt, MPa 0.53 
R Radius of the pulley, mm 10 
ν Poisson’s ratio 0.499 
B Width of the belt, mm 8 
t Thickness of the belt, mm 3 
V Driving speed, mm s-1 3 
Et Elastic modulus of tension member, GPa 3.3 
At Tension member cross section area, mm
2 0.196 
𝛾a_ex Max. shear strain at the exit zone (0.24/0.10) 
fdw Detachment wave frequency, Hz (2.28/2.03) 
H0 Work of adhesion, mJ m
-2 44 
v0 Characteristic crack speed, μm s
-1 0.1 
α Exponent 0.33 
5.4 Concluding Remarks 
The results obtained in this work allow us to draw the following conclusions: 
1. Detachment waves persist in the presence of belt tensile cords; however, the pulley 
rotates steadier due to the increased stiffness of the composite belt. The detachment events 
are weaker (i.e, amplitude is smaller) and occur at higher frequencies. 
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2. Shear strain accumulates in the adhesion arc due to a speed differential between the 
belt contacting the pulley surface and the tensile cords, and is relaxed at the exit region by 
detachment waves. The new understanding of the shear relaxation by detachment waves 
requires a re-assessment of the Firbank’s shear model – this is proposed as future work.  
3. Compared with a regular flat belt, the frictional losses are smaller in both the driver 
and driven cases for corded belts. 
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CHAPTER 6. CONCLUSIONS 
6.1 Summary 
We explored mechanics of a soft-rigid rolling contact using a custom-built 
tribometer aimed at measuring the response of a prototypical belt drive system. We found 
for the first time that, under the slow speed considered, the relative displacement between 
the elastomeric belt and the pulley is achieved by means of cyclic detachment instead of 
sliding, which contradicts the current state of knowledge. We observed that the rolling 
contact mechanics is different in the driver and driven pulleys, and that contact instabilities 
associated with cyclic detachment are more evident and larger in scale in the driver case 
than in the driven case. In addition, we determined that contact instabilities manifesting as 
periodic detachment waves induce pulley oscillations, which grow in time. We also 
explored the detachment waves and pulley oscillations as functions of the applied torque, 
the operating speed, and the system moment of inertia. Increasing the applied torque 
accelerated the occurrence of the detachment waves in the driver case. A larger driving 
speed increased the frequencies of both the detachment waves and the pulley oscillations. 
Surprisingly, increasing the pulley’s inertia could not remediate the contact instabilities, 
but resulted in larger fluctuations in the belt tension. This result was validated by a 
theoretical dynamic model of the system, which proved that detachment waves are the 
primary source for the system’s self-oscillation. 
To understand and evaluate the system’s energy losses, we conducted an 
experimental and theoretical investigation into frictional mechanics of our model belt 
drive. A thorough stress analysis based on spatio-temporal measurements of the belt 
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tension, traction and contact area showed that the contact area evolution correlates to the 
shear traction changes, and that the contact arc region associated with relative displacement 
(traditionally called ‘slip’ arc) practically does not contribute to power transmission; this 
in contrast to the elastic creep and the belt shear theories. We also found that a significant 
difference between the belt traction observed in the driver and driven cases can be 
attributed to a unidirectional flow of power from the driver to the driven pulleys. 
Crosschecking, we developed a model considering both the bulk and surface hysteretic 
losses for predicting friction in the absence of sliding. This model showed that much higher 
mechanical losses in the driver case is due to the significant contribution of the detachment 
waves to the energy dissipation, and that the shear- and stretching-induced energy losses 
dominate in rolling friction for both the driver and driven cases. 
Since the local contact instabilites and the global system’s self-oscillations are not 
desired in belt drives, we investigated the techniques of texturing of the belt contact 
surface, aiming to minimize disturbances associated with detachment waves. We found that 
although both regular and irregular surface topographies were useful in minimizing the belt 
drive vibrations, the regular ones provide a stronger effect and the effect is much more 
pronounced in the driver case than in the driven case due to different mechanisms for 
formation of detachment waves. Studying the effects of different texture characteristics, 
we showed that the aspect ratio of the pattern projections is the key design parameter, while 
the pattern shape and orientation, and the lattice constant are of practically no importance. 
We also demonstrated that excessive texturing leads to a decrease in the tractive capacities 
of the belt drive system. 
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Lastly, we studied the contact instabilities and frictional mechanics of the belts 
incorporating tensile cords, which resemble the commercial industrial belts. With the 
tensile cords included in the belt, the pulley rotated steadier due to the increased stiffness 
of the composite belt. However, the detachment waves were still present, which provides 
strong evidence that such detachment waves can be considered universal in soft rolling 
contact. In accordance with Firbank’s shear model, we observed that the shear strain 
accumulated in the adhesion arc, resulting from the speed differential between the belt 
contacting the pulley surface and the tensile cords. However, in contrast to the shear model 
prediction, the accumulated shear strain was relaxed at the exit region, which undermines 
the validity of Firbank’s model over the ‘slip’ arc, where detachment waves are generated. 
In addition, compared with a regular flat belt, the frictional losses were smaller in both the 
driver and driven cases for corded belts. 
6.2 Research Contributions 
The work presented in this dissertation makes the following original contributions: 
1. We developed a second-to-none tribometer for capturing the contact instabilities 
and the global dynamic response in a prototypical belt drive system. This machine allowed 
us to describe, visualize and examine a few aspects of soft-rigid contact mechanics in belt 
drives, which were overlooked by several generations of mechanical engineers. 
2. We found for the first time experimental evidence that, in a simple belt-drive 
system under low speed operation, the displacement between the belt and the pulley is 
accommodated primarily by detachment events rather than sliding. This calls into question 
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the universal validity of the sliding-based approach to analysis of rolling friction of 
elastomeric surfaces. 
3. We showed that contact instabilities associated with detachment waves can serve 
as a sole source of self-oscillation in the belt drive system and that, counterintuitively, the 
problem cannot be resolved by manipulating the system’s inertia. This finding will help in 
searching solutions for self-oscillation problems in other systems involving soft rolling 
motion, which is ubiquitous in countless engineering applications. 
4. We proposed a new measurement approach and a new model for the estimation of 
the frictional losses in rolling motion incorporating detachment events. The proposed 
model may be applied to the calculation of the dissipated energy in other systems involving 
soft rolling contact. 
5. We demonstrated that the novel biomimetic surface patterning design proposed 
earlier for the elimination of detachment waves in sliding can be successfully implemented 
in rolling as well. Use of this surface-modification approach may also be instrumental for 
better understanding and possible reduction of energy losses, noise pollution, vibration-
induced inaccuracies, wear, etc. associated with dynamic effects in rolling.  
6.3 Recommendations for Future Work 
Despite we found for the first time that, for the low speed operation studied, the 
relative displacement between belt and pulley is achieved by means of cyclic detachment 
instead of sliding, it is still of great interest to investigate the contact instabilities at belt 
pulley interface under high speed operation. As the system runs at relatively high speed, 
the effect of the belt inertia will no longer be negligible, and the viscoelastic properties of 
the belt materials may change greatly. If the detachment waves still exist in the system, 
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which we highly believe in, the belt inertia and the viscoelasticity of the belt materials may 
play a more important role in affecting the detachment events. Additionally, we found that 
the pulley got rusty after it had been used for a long time (Fig. 6-1), which coincides with 
the well-known fact that rubber materials can actually wear its rigid counterpart under 
dynamic contacts. We believe the rust is due to the fretting wear caused by the cyclic 
detachment events at the interface. Hence, one can also explore the effect of the detachment 
events on the wear of the pulley. 
 
Figure 6-1. Rust on the pulley due to the cyclic detachment events while in rolling 
contact with elastomer belts. 
The current state-of-knowledge regarding the modeling of soft contact dynamics is 
still based on the 300-year-old concept of a coefficient of friction, which was developed to 
represent global frictional behavior of rigid rough surfaces. This concept ignores local 
stick-slip instabilities that represent an important source of excitation for any dynamic 
system involving friction. Hence, a first-principle friction model is needed to predict 
instabilities in soft rolling contact. On one hand, the phenomenological principles 
formulated by Amontons and Coulomb for rigid body friction should be abandoned. On 
the other hand, the modern perception of soft adhesive contact behavior should be 
introduced into the model for a thorough understanding of dynamics of rolling friction in 
soft-rigid interfaces. This will enable further progress in simulation of dynamic response 
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of multibody systems incorporating soft contact and will help to couple stochastic local 
contact instabilities with deterministic large-scale disturbances. 
Three different approaches can be applied to the modeling of the sheared contact: 
(1) perfect slip (no shear is transmitted; Hertz contact model); (2) frictional slip (shear 
stress is proportional to normal stress, Coulomb model, or shear stress is proportional to 
shear yield strength; Tresca model); (3) perfect stick (no sliding is allowed, shear stress can 
grow infinitely). Hereafter, the possibility of coupling between adhesive separation and 
either perfect stick or Tresca frictional slip can be explored. This will allow modeling of 
local contact instabilities as well as associated global self-oscillation of the system. 
Additionally, experiments are needed to identify local and global stability 
thresholds, and to assess the effectiveness and accuracy of the model to be developed. 
Automotive tires can be picked as the prototypical system of investigation given that it is 
a more general case of soft rolling contact compared to a belt drive system. If the tire 
contact scheme is chosen, a new experimental device will be needed for exploring frictional 
instabilities and for studying their effect on the global system dynamics. Herein, the digital 
image correlation (DIC) techniques can help to improve the resolution of strain 
measurements (Fig. 6-2). 
 
Figure 6-2. Shear strain at the sidewall of the belt measured using DIC. 
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One can also continue exploring the effects of adhesion, viscoelasticity, load, and 
speed on local contact instabilities and global system dynamics using different materials. 
It is of great significance to examine the capability of the model to predict experimental 
results and to assist in suggesting design changes that can lead to reduction in energy losses, 
noise pollution, loss of accuracy, wear, etc. 
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